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FOREWORD

The silicon solar cell has been an essential element in the exploration
of space. It can be said with certainty that our present state of knowledge
of the universe and our solar system would be virtually non-existent without
this device. Throughout the decades of space flight, the silicon solar cell
has proven to be outstanding and reliable. Its outstanding performance has
also meant that improvements in the device have been incremental rather than
radical and that there has been no pressing urgency for new devices with bet-
ter capability. However, over the past several years, an important shift in
photovoltaic device development philosophy has taken place. An atmosphere of
new optimism and realization of the potential for radical advance has burst
forth in the space community. Thus, it is fitting that the experts working
on the forefront of this new wave of exploration meet periodically to estab-
1ish new goals and directions, to review progress and assess problems, and to
exchange information for the benefit of all.

This meeting is the fourth in a series that began in 1974. These meet-
ings, in contrast to other professional society-sponsored conferences, are
intended to serve as forums in which the experts in photovoltaics can express
their individual and collective judgements on suitable, attainable goals for
space solar cells, the barriers remaining, the knowledge needed and the most
viable approaches past the barriers to the goals. A strong emphasis is placed
on the exchange and discussion of ideas and opinions against the background of
technical presentations. The atmosphere is informal, yet structured and in-
dividual interaction is encouraged.

A steady evolution in meeting content has occurred since the first meet-
ing was held in November 1974. 1In that meeting, the primary focus was on ef-
ficiency improvement in the silicon solar cell. Improvement of the radiation
tolerance of the silicon cell was noted as a major need and potential thrust.
In April 1977, at the second meeting, both silicon cell efficiency improve-
ment and radiation damage reduction shared equally and discussions were ini-
tiated on the emerging, promising, gallium arsenide solar cell technology.
The June 1979 meeting branched into yet another new area--30% conversion. In
this meeting, silicon efficiency improvement, radiation tolerance and gallium
arsenide cell technology shared equal emphasis. The major conclusions from
that meeting were as follows:

Silicon High Efficiency Solar Cells

0 Maximum practical efficiency is between 18 and 20%.

o Open-circuit voltage is a limiting barrier, 0.7 V
a reasonable goal.
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o Possible voltage Timiting mechanisms list is expand-
ing.

o High beginning-of-1ife and end-of-life efficiencies
are not incompatible.

o Need for silicon with Tow carbon and oxygen content
was stressed.

o Need for round-robin measurements was cited.

Silicon Solar Cell Radiation Damage

0 MWell-controlled, high purity silicon is needed.

0 Defect-and impurity-free processing is desired.

0 Basic research still needed on radiation-induced

. defect structures.

0 Increased sensitivity for detecting impurities such
as carbon, oxygen and copper is needed.

0 Annealing of radiation damage has high potential.

Gallium Arsenide Solar Cell Performance and Radiation Damage

0 Maximum efficiency is above 20%.

o Technology improvements and space qualification are
needed.

o Cost reductions and high performance cells are possible
with both LPE and MO-CVD techniques.

o Radiation tolerance of n-type versus p-type material
not established.

0 Models that predict cell behavior need further examina-
tion.

o Space radiation damage equivalence needs to be established.

30% Devices

0}

0

30% is a reasonable goal.

Sunlight concentration is desirable but not necessary.
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0 Tandem cells of III-V materials are the most promising approach.

0 MOCVD process appears to be a good tradeoff between versatility,
throughput and cost.

0 Innovative concepts should be examined.

The 1980 workshop has also added a new area: High Performance Blanket
Technology. This is in clear recognition of the parallel blanket develop-
ments required to capitalize upon the advances in cell technology presently
being achieved. Five workshops were held:

Silicon High Efficiency Solar Cells

Chairman, Andrew Meulenberg, COMSAT Laboratories.

Silicon So]@r Cell Radiation Damage
Chairman, Patrick Rahilly, Wright Patterson AFB.

GaAs Solar Cell Performance and Radiation Damage

Chairman, G. Sanjiv Kamath, Hughes Research Laboratories

30 Percent Devices

Chairman, James Hutchby, Research Triangle Institute

Blanket Technology

Chairman, John Scott-Monck, Jet Propulsion Laboratory

An oral report of each workshop was presented and discussed in a plenary
session. Written summaries of workshop conclusions prepared by the workshop
chairman are included in these proceedings.

The meeting was coordinated by Cosmo Baraona and his committee,
Evelyn Anagnostou and George Mazaris. The stimulating comments aroused by
the presentations and the resulting discussions made this meeting particularly
successful, and the next meeting to be anticipated.

Henry Brandhorst, Chairman
NASA Lewis Research Center
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N ASA'S HIGH EFFICIENCY AND RADIATION DAMAGE SOLAR CELL PROGRAM

Lynwood P, Randolph
National Aeronautics and Space Administration
Washington, D. C.

ABSTRACT

‘The NASA High Efficiency and Radiation Damage (HERD) Solar Cell Program
has the objective of improving the conversion efficiency and increasing the
end of life efficiency of solar cells and arrays for space applications. The
accomplishment of this objective rests upon developing and applying an
improved understanding of the conversion of electromagnetic radiation to
useful forms of energy. To this end a broad range of advanced concepts are
being evaluated.

The research and technology under this program is conducted by four
NASA Centers: Jet Propulsion Laboratory (JPL), Langley (LaRC), Lewis (LeRC),
and Marshall (MSFC). The eléments of NASA program are closely coordinated
with similar activities under DOD and DOE sponsorship. This cooperative
effort is focussed on a number of key milestones for both cells and arrays
as shown in figure. Among these two major components the cell work stresses
silicon, gallium arsenide, and multibandgap materials; the array technology
includes both planar and concentrator tasks, annealable arrays and advanced
systems. In addition related work includes updating the solar cell radiation
handbook and maintaining a national testing capability.

The major thrusts of the JPL work are to develop pilot cell production
capability for the thin (50mm) Si cell, develop advanced high performance
GaAs cells, advance the state-of-the-art of efficient array structures,
develop the technology for blankets with a specific power greater than
300 W/kg, develop the technology for concentrator arrays, and to conduct
subsystem testing of cells. In addition another important activity is to
monitor DOE technology for applicability to space cells.

The LaRC program is devoted at this time to GaAs cell activities. The
thrusts include radiation damage and annealing studies, thin cell development
using CVD and graphotaxy and developing the technology for high temperature
operations. '

The LeRC program's major thrust are to produce an 18%-AMO-efficient
silicon solar cell, reduce the radiation damage suffered by silicon solar
cells in space, develop high efficiency wrap-around contact and thin (50mm)
silicon cells for space use, develop GaAs solar cells for concentrator
applications, investigate the feasibility of 30%Z AMO solar energy conversion
and develop reliable encapsulants for space blankets.



The MSFC activity is focussed on evaluation of advanced systems for

high power applications. Current concepts under study are the spectrophoto-
voltaics and thermophotovoltaics.

The NASA HERD Program encompasses a range of activities from fundamental
science and engineering to applications of advanced technology. The need
for future research and technology is evidenced by continuing challenges
faced in this important endeavor.



HIGH EFFICIENCY AND RADIATION DAMAGE (HERD)

DOE & DOD
TECH

""—-§~‘~\
{ conc
A Paaa N
{ PILOT 50 um,
I

14% CBC
4

30% LAB )
\  DEMO ,,'
\,
N-_—’/
T o
/7 <10-16% 7 \‘
i DEG.GEO } i %o:c \
Pl TS | 10 YR, . \ aAs
y - i‘\:\ SI-GaAs ,/’ a8 \\\ \‘~ ’//
§ ANNEALABLE } Sweem f S0um ) ———
\, ARRAYS / \ GaAs /
Rl S \‘~-_—f'

O 4’5" NASA HO RTB0-4402 (1}
8180






SOLAR POWER R&D FOR AIR FORCE SPACE REQUIREMENTS
Joseph F. Wise

AF Wright Aeronautical Laboratories
Wright-Patterson AFB, Ohio

INTRODUCTION

The requirements for improved solar power system technology for DOD
satellites have been stated in several studies and conference papers (ref. 1).
These summarize requirements up to 100KW by the year 2000 plus need to greatly
reduce the power system weight and improve lifetime. Technology is required in
several areas including solar cells, array blanket technology, energy storage
and power system operation, regulation and control. As the missions become
more critical to Defense, we must also address military aspects such as
survivability, hardening and eventually, defense.

REQUIREMENTS

The mission areas requiring power system technology advances are shown
in Figure 1. The traditional roles of communication, surveillance and naviga-
tion will continue and new roles are assigned in areas of weapons. The
traditional missions, however, will require more power as follows. Communica-
tions will inerease in volume as the military increase reliance on satellite
systems. We will also need more power to counter jamming threats and also
communicate with smaller ground units. Surveillance missions power require-
ments increase in order to detect aircraft, ground forces and naval units in
both greater detail and to handle more traffic. ZFarly candidates for these
expanded capabilities are space based radar and deep space surveillance
missions using infrared detection. Some of these missions also will operate in
very high radiation levels in intermediate altitude orbits and will require
hardening to a variety of weapon effects such as nuclear and laser. Figure 2
shows a projection of these requirements.

TECHNOLOGY PROGRAM

The Air Force solar power system technology developments can be divided
into three areas: solar cell development, hardening technology, and power
system development. I will briefly discuss these three areas:

As you are all aware, we have been working on three basic solar cell
thrusts, silicon, gallium arsenide and multibandgap technology. The silicon
work, summarized in Figure 3, 1s aimed at increasing the end of life efficiency
as well as reducing weight, hardening to laser weapon effects, and reducing
potential costs. Main thrusts at present are the veritical junction solar cell
and the development of the cold crucible CZ techniques for growing high purity
starting material at reduced costs. Both the Space Division and NASA Lewls are
jointly supporting this technology program. The main objectives are high



efficiency, 17% BOL and maximum EOL power system, after 5x1016/cm2 IMEV elec~
tron equivalent dose to provide technology for the mid altitude orbit missions.
The GaAs program, shown in Figure Y4, which Lt Masloski will later discuss,
addresses higher efficiency, demonstration of flight readiness and development
of lower cost technical approaches using web technology and growth on lower
cost substrates. ‘

The multibandgap cell technology addresses demonstration of concept
feasibility and is aiming for 22 to 25% efficiency with an AlGaAs/GaAs mono-
lythic cell approach. Growth methods include both liquid phase epitaxy and
chemical vapor deposition. Dr Rahilly will discuss this area in a later paper.
We are also interested in the possibility of bandgap tailoring to optimize the
single junction solar cell in hopes of reaching better than 20% efficiency.

The area of solar power'system hardening to laser radiation effects is briefly
summarized in Figure 5. This area deals with two thrusts - (1) increase the
temperature capability of all array components by use of welded interconnects,
integral coverglass and high temperature adhesive, and (2) minimize energy
absorption using reflection and filtering or avoidance. Most efforts in the
past dealt with silicon cell technology but as the GaAs cell technology
matures, we need to harden it also. Therefore, the advanced cell vulnerability
and hardening, integral covers and high temperature contact areas address both
GaAs and silicon. We are also re-evaluating concentration concepts as a means
to increase system hardness. Most schemes +to date involve a reduction in
efficiency and increased weight to achieve hardness.

Power system technology is under developmént and planned by both the Air
Force and NASA. To achieve the capability needed in the late 80's to 2000, the
programs shown in Figure 6 are in being or planned. The early exploratory dev-
elopment program is basically to define the technology needed to achieve power
system weight and life goals and the AD program scheduled for FY 81 is to
develop the component technology needed for these advanced systems. Key devel-
opments needed are lightweight hardened blanket technology, using thin cells
and substrates, high temperature technology in covers, adhesives and inter-
connections, ete, Much use can be made of some early NASA technology, espec-
ially the thin cell work. Newer satellites are planned over a wide spectrum of
orbits including between LOONMI and 10,000NMI. These have been shown in the
Lockheed programs to date to require withstanding 4.8 x 10l cmz/electron
equivalent and maximize EOL efficiency. At these dose levels, approaches such
as annealing (GaAs and Si) should be investigated. Efforts along these lines
will be done as part of our basic investigations studies with such individuals
as Dr., Drevinski and Henry D'Angeles of RADC and in close cooperation with the
various NASA centers. Power system work in areas of regulation, control,
management, energy storage and waste heat utilization and rejection are also
planned for development in this program. Component technology development is
planned for the next 5 years with a flight type program after that.

SUMMARY
The next two decades will see an evolution in satellite usage to support
more critical military missions which will require higher end of life

efficiency, lower weight and wvolume, autonomous operation and hardening to a
variety of potential threats. We have in being, programs to provide for this
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improved technology. The goals of these technology programs from a system
standpoint are shown in Figure 7. Many technology improvements are needed to
achieve these goals and they are further complicated by hardening regquirements.
It is hoped that the results of the three day meeting will assist us in
developing and demonstrating technology needed in the next two decades.

REFERENCES

1. E. Tom Mahefkey, Future Space Power - The DOD Perspective, CP# 809016, 15th
. IECEC, 18--22 August 1980.
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RECENT PROGRESS IN HIGH-OUTPUT-VOLTAGE SILICON SOLAR CELLS*

A. Meulenberg, R. A. Arndt, and J. F. Allison
COMSAT Laboratories
Clarksburg, Maryland

and

V. Weizer
N ASA Lewis Research Center
Cleveland, Ohio

High-quality shallow-junction planar solar cells have been fabricated on
0.1 Q-cm float zone refined silicon using Emulsitone N250 spin-on dopant,
aluminum-alloyed back contacts, and "dot" contact front grids (ref. 1). Use
of a process similar to the NASA-Lewis double-diffusion process (ref. 2) has
reduced shunt leakage and junction recombinetion currents while adding 10 mV
to the best open-circuit voltages obtained from the single-diffusion process.

The present status of a 0.1-Q-cm covered solar cell (153-mA short-circuit,
654-mV open-circuit voltage, 77.5-mW maximum power, and 14.4-percent AMO
efficiency) is characterized in figure 1 before and after covering. The short-
circuit current (ISC) is about 6 percent less than that observed in typical
higher resistivity (>1-Q-cm) violet cells (ref. 3) but the open-circuit voltage
(VOC) is about 9 percent highér. During covering or subsequent handling, the
cell fill factor was reduced in an unexplained manner (analysis indicates a
lowered shunt resistance). If it had been maintained, the maximum power would
have exceeded 79.5 mV.

The quantum-yield data are presented in figure 2 along with data from
a deeper junction cell (x, ~ 1.6 um) from the same batch and a shallow junction
(2, ~ 0.1 pm) cell made byla different process. An important feature of this
fiéure is the unusual shape of the set A curves. A conventional cell with a
surface dead layer displays a much more abrupt drop in the short wavelength
region rather than the more gentle the slopes observed in figure 2 below 700 nm.
It would appear that the double-diffusion process alters the cell characteristics
in a manner quite different than expected from a simple change in the diffused
layer (see ref. 2 for a possible explanation). Set A had an overnight diffusion
with N250 at 880°C followed by different etch times prior to an N250 diffusion
at 820°C for 15 minutes; set B was diffused with N250 at 820°C for 15 minutes.

The advantages of a 2-step diffusion process are delineated by com-
parisons of the data from two sets of cells (table I). The data indicate
several differences resulting from a prediffusion; most important are a 10-mV
increase in VOC and an improved fill factor of set A. The improved VOC is
explained by the lower bulk dark current (JD); the better fill factor (FF) is

#This paper is based upon work performed at COMSAT Laboratories under the
joint sponsorship of NASA, under Contract NAS-3-22217, and the Communications
Satellite Corporation.
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due to the lower preexponential of the n = 2 term (JRC) and higher shunt
resistance (RSH). The penalty is reduced ISC and blue response (IB), as seen
in figure 2. The long wavelength response (A > 1000 nm) and the currents
(I_) from y-ray irradiation of the two sets are nearly equal and indicate
di¥fusion lengths comparable to or greater than the cell thickness (200 pm).

This point is supported by the values of ISC in set B, which are almost as high
as those for 1- to 2-0Q~-cm violet cells. ’

Efforts are continuing to better understand the mechanism responsible
for increased voltage resulting from the double-diffusion process. Once this
mechanism is understood, work can be directed toward further voltage gains and
reduction of short-circuit current losses.
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A COMPARISON BETWEEN PULSED AND CW LASER ANNEALING
FOR SOLAR CELL APPLICATIONS

G. E. Jellison, dJr., R. T. Young, and R. F. Wood
Oak Ridge National Laboratory*
Oak Ridge, Tennessee

and

A. Gat
Coherent Laser, Inc.
Palo Alto, California

ABSTRACT

It has been shown previously that pulsed laser annealing is an excellent
technique for emitter fabrication in solar cells, Here it is shown that using
shallow 7/9As implantation (5 keV), plus the addition of a back-surface field
and a gettering step, solar cell efficiencies of 16.67% have been obtained.
Our initial attempts at fabrication of solar cells from CW laser—annealed
material resulted in cells of inferior quality compared to cells fabricated
using pulsed laser annealing techniques; this was because the CW laser anneal-
ing introduced recombination centers well into the base region of the cells.

INTRODUCTION

Over the last few years, it has been shown that pulsed laser annealing is
an excellent technique for solar cell processing (refs. 1 and 2). Pulsed laser
annealing is superior to conventional thermal annealing for 1) removal of lat-
tice damage after ion implantation, 2) restoration of electrical activity, and
3) the preservation of the minority carrier diffusion length in the base region.
It is widely believed that pulsed laser annealing involves the melting of the
front damaged layer, followed by epitaxial regrowth from the perfect single
crystal substrate. The resultant dopant profiles are usually considerably
broadened from the preannealed condition; this broadening is readily explained
by the melting model (see ref. 3). 1In addition to laser annealing of ion-
implanted material, two other laser-assisted junction formation techniques have
been employed: 1) laser-induced diffusion of deposited dopant films, and 2)
laser-induced recrystallization of doped amorphous films (see ref. 1).

*Operated by Union Carbide Corporation for the U.S. Department of Energy under
contract W-7405-eng-26.
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Continuous wave (CW) laser annealing has also been useful for the anneal-
ing of ion-implanted emitter regions (ref. 4). However, CW laser annealing
apparently takes place via a solid-phase recrystallization process, which does
not change the initial dopant profile appreciably (ref. 5). This allows one to
‘obtain extremely shallow junctions (< 200 nm), but results in a Gaussian emit-
ter profile, which is less than optimum for solar cell applications, and also
introduces several deep-lying defect states which can act as recombination cen-
ters (ref. 6).

This paper presents the latest results of our studies of the use of laser
processing in solar cell fabrication. 1In particular, we will present a process
developed at Oak Ridge National Laboratory for the fabrication of a 16.6% sili-~
con solar c¢ell using pulsed laser processing. Also, we will present results
comparing pulsed laser annealing with CW laser annealing in solar cell fabrica-
tion.

HIGH EFFICIENCY SOLAR CELLS FROM PULSED LASER PROCESSING

Table 1 outlines the process that we have used for the fabrication of high
efficiency silicon solar cells using pulsed laser processing on 10 Q-cm sub-
strates., The first step is ion-implantation using 5 keV As (n-on-p cells) or 5
keV B (p-on-n cells). This step results in a Gaussian impurity distribution
profile with peaks < 20 nm deep; however, the front surface is either highly
damaged (for the case of B) or amorphous (for the case of As), and the impuri-
ties are not fully electrically active. The laser annealing (step 3) is per-
formed in air with a Q-switched ruby laser (A = 694 nm, pulse width 15 ns)
and with the substrate heated to 400°C. This results in nearly perfect recrys-
tallization of the emitter region. The back side gettering (step 4) is per-
formed to enhance the base minority carrier diffusion length. A high energy
laser pulse (2.2-2.5 J/cm2) is passed through a rough ground glass diffuser
plate to homogenize the beam before it impinges on the sample. This pulse
results in random but evenly distributed surface damage and introduces a high
density of dislocations. The sample is then heated im an oxygen atmosphere at
1000°C for 1 h; this gettering step improves the minority carrier diffusion
length from 100 um to 400 ym in the best cases. The back-surface field (step
6) is then fabricated by the deposition of 10 nm of B or Sb followed by laser
irradiation with a 1.8 J/cm2 pulse. Fabrication of the finished cell is then
completed by steps 7-10.

Our progress in the fabrication of solar cells using laser annealing tech-
niques is outlined in Table 2. With just As implantation followed by laser
annealing, cells with efficiencies up to 15.1% have been obtained (all solar
cell parameters quoted were measured using a calibrated AM] solar cell simula-
tor). The total cell area is n 2 cm2); if a back-surface field is added by
laser-induced diffusion, cells with efficiencies up to 16.1% can be obtained.
The addition of the gettering step (steps 4 and 5) results in efficiencies of
16.6% and an open circuit voltage of 605 mV.

It should be noted that we use a single-layer Ta,0j aﬁtireflection coating
and no special solar cell geometries are employed. In spite of this, we
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achieve very high cell efficiencies. For these reasons, we believe that laser
techniques will prove to be extremely useful for the manufacture of high-
efficiency solar cells.

COMPARISON OF PULSED AND CW LASER PROCESSING TECHNIQUES

Solar cells were fabricated from p-type substrates (10 Q-cm), ion-
implanted with As at 100 keV, and CW laser annealed using an argon~-ion laser.
The laser power was 11 watts, with a spot size of 100 um, a scan rate of 25
cm/sec and a 50 ym lateral step after each scan. A back-surface field was
fabricated by depositing B (10 nm) on the back of the cell and pulse laser
annealing with a 1.8 J/cm? pulse (step 6 of Table 1). In addition to this pro-
cedure, some of the CW laser-annealed cells were subjected to a 700°C furnace
anneal for 1 h. For comparison purposes, similar solar cells were fabricated
using pulsed laser annealing techniques but with no gettering step (steps 1-3,
6-10 of Table 1). Three different implantation doses at 5 keV and one dose at
25 keV As implants were used. As mentioned above, CW laser annealing is a
solid-phase epitaxial process that results in negligable dopant redistribution
(refs. 4 and 5). Therefore, in order to get similar junction depths (~ 200
nm), a higher energy As implant had to be employed for the CW laser-annealed
samples than for the pulsed laser—annealed samples. The resulting solar cell
parameters are shown in Table 3. The results quoted for cells fabricated using
pulsed laser annealing techniques were averaged over 2 to 4 cells, while the
results quoted for the CW laser—annealed cells are for the best cells, Clearly,
the pulsed laser-annealed cells perform better than the CW laser—-annealed
cells: both V,. and Jg. are less in the CW laser—annealed samples, compared
with the pulsed laser—annealed samples, though a 700°C furnace anneal for 1 h
increases both V,. and Jg. somewhat. Note also that V,. is decreased in the
pulse laser~annealed cells if the As acceleration voltage is increased from
5 keV to 25 keV, though Jg. remains constant.

A further comparison can be made by examining the spectral response (or
quantum efficiency) data (shown in Fig. 1) for cells with no AR coating. As
can be seen, the CW laser—annealed cells have a lower quantum efficiency than
the pulsed laser—annealed cells at all wavelengths. A 700°C furnace anneal
increases the quantum efficiency somewhat at all wavelengths, but this increase
does not compare to the increase achieved using pulsed laser annealing. The
poor blue response of the CW laser—annealed cells indicates very poor collec-
- tion efficiency in the emitter region, while the poor red response is attrib-
uted to a low value of the minority carrier diffusion length in the base.
Note that the CW laser—annealed cells were fabricated on different substrates
than the pulsed laser—annealed samples, and the minority carrier diffusion
length should not be expected to be the same.

Figure 2 a), b), and c) show the spectral response data for each indivi-
dual cell, along with a calculated spectral efficiency. The calculated curve
was obtained using a simple abrupt junction solar cell model with 9 parameters
(H = cell thickness; W = depletion width, Xj = junction depth; Se, Sb = surface
recombination velocity of the emitter and the base regions; Le, Lb = minority
carrier diffusion length of the emitter and the base region; De, Db = the
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diffusion coefficient of the emitter and the base regions.) Many of the parame~
ters (H, W, Xj, De, Db) are known for each individual cell and were not varied,
the absorption coefficient and reflectivity were taken from known data, and the
back-surface field was modeled by setting Sb small (= 102 cm/sec), thus leaving
3 parameters to be determined (see Table 4) by minimizing the difference be-
tween the calculated and experimental points. The results of the modeling
(shown in Fig. 2 and Table 4) indicate that: 1) It is necessary to eliminate
the contribution of the emitter region of the CW laser—annealed cells in order
to fit the blue response of these cells. 2) .The minority carrier diffusion
length required to fit the response of the CW laser—annealed cells was 100 um
(without furnace anneal) and 130 pym (with furnace anneal). 3) It was impos-
sible to fit the data for the CW laser-annealed sample without post furnace
anneal in the region from 0.5 to 0.85 um using this simple model; this is
possibly due to a layer of defects lying just below the depletion region (see
the data described below) apparently produced by the CW laser annealing process.

Specific defects in CW laser—annealed material can be identified from
DLTS (Deep Level Transient Spectroscopy) data. For the DLTS measurements,
samples were prepared from the original solar cells by etching mesa diodes.
One sample was fabricated by pulsed laser annealing a sample which had prev-~
iously been CW laser annealed. Sample DLTS spectra are shown in Fig. 3 for
the CW laser-annealed samples. No DLTS signal was observable from samples
which had only been pulsed laser—annealed, and only a weak signal was obser-
vable in the CW laser—annealed sample after a 700°C furnace anneal. There
are 3 traps observable: 2 (or more) electron (or minority carrier) traps, and
1 hole (or majority carrier trap).

The trap E-2 was observable only in the CW laser—annealed sample which had
not also been pulsed laser annealed: Clearly the laser pulse annealed it out.
Also, it has a broad spectrum, which indicates that it is in reality several
traps. No further characterization of this trap was attempted.

The DLTS data for the traps E-1 and H-1 are presented in Table 5. Trap
E-1 is a minority carrier trap close to the conduction band. It has a large
minority carrier capture cross section, but once filled, a small majority
carrier (or recombination) capture cross section. The pulsed laser annealing
does not remove all of the E-1 traps, since the melt front produced by the
ruby laser penetrates to a depth of less than 1 uym (ref. 3). By comparison, at
a bias of -8V, the depletion regions of all our diodes extend to 4 um beyond
the junctions (the depletion region is the region of detectability in DLTS).
Therefore, one would expect a maximum of ~ 25% of the traps to be annealed out
with the laser pulse, if the traps are evenly distributed throughout the deple-
tion region. This is just what is observed. A trap with approximately this
energy has been seen previously in CW laser-annealed samples (ref. 6), and in
samples irradiated with electrons (ref. 7); it has been tentatively assigned to
the familiar oxygen—vacancy complex, or A-center.

Trap H-1 is a majority carrier (or hole) trap, which lies closer to the
conduction band than the valenceé band. It also is not removed by the pulsed
laser-annealing process, but is removed by the furnace anneal. It has a
majority carrier thermal capture cross section of 4 x 10718 cem?. To our
knowledge, this trap has not been observed previously.
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CW laser annealing has been shown to be useful for many semiconductor
device fabrication applicatons; however, the data presented here shows that our
best pulsed laser—annealed solar cells are better than solar cells we fabri-
cated using the CW laser—annealing process. It was found that the CW laser-
annealing process introduced a large number of recombination centers well into
the bulk of the material, and that the emitter of CW laser-annealed solar cells
was a very inefficient collector of minority carriers. However, it must be
pointed out that this is our first attempt at fabricating solar cells from CW
laser-annealed material and several improvements can be envisioned. For an ion
implantation energy of 100 keV, the peak of the As profile is at 70 nm; there-
fore, the region from the surface to 70 nm will be ineffective for minority
carrier collection, since the minority carriers will tend to be forced to the
surface rather than to the junction. Therefore, one obvious improvement would
be to implant through a thin Si0) layer to bring the concentration peak to the
surface. Also, since CW laser annealing does not result in significant dopant
redistribution, the emitter could be molded to any desired profile using this
technique. At present, we are trying these and other ideas to optimize the CW
laser—-annealing process for solar cell applications.
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Table I.- PROCESS STEPS FOR HIGH-EFFICIENCY SOLAR CELLS USING LASER ANNEALING

1.

2.

3.

6.

10.

Ion implantation (5 keV B or As)
"Quick"” clean

1. H202 + HZSO4
2. HNO3 + HyS04
3. Hy0 + HF

Laser anneal (Eq = 1.2 J/cm2 with ruby Q-switched
laser, substrate at 400°C)

Back side gettering

A. Laser pulse (2.2 - 2.5 J/cm2 through rough ground
glass)

B. "Quick" clean (see 2)

C. Heat at 1000°C for 1 h in oxygen atmosphere

Polish the back
Back-surface field

A. Deposit 100 A (B, p-type; Sb, n-type)
B. Laser anneal at 1.8 J/cm?

Mask front and back to etch the edge
RCA clean

1. 5-1-1 of Hy0 - 30% Hy0p - 27% NH40H (80°C for 15 min)
2. 6-1-1 of Hy0 - 30% Hy0y - 37% HCL (80°C for 15 min)
3. Hy0 + HF

Put on contacts (Ti/Pd/Ag) sinter 500°C/2 min

0. at 500°C substrate

AR coating Ta2 5
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TABLE II. - RESULTING SOLAR CELL PARAMETERS FOR STEPS IN TABLE I

Method of fabrication Y J FF .
‘ oc sc (%)
(mV) (mA/cm?) °
o AS implantation, laser
annealing for emitter
region
No BSF 565 35.2 0.76 15.1

No gettering
(steps 1-3, 7-10)

o As implantation, laser
annealing for emitter
region

BSF by laser-induced
diffusion 595 34,6 0.78 16.1

No gettering
(steps 1-3, 6-10)

0 As implantation, laser
annealing for emitter
region

BSF by laser—induced
diffusion 605 35.1 0.78 . 16.6

Minority carrier diffusion
length enhancement by laser
gettering (100 pm - 400 um)
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TABLE IV.- THE PARAMETERS USED FOR THE CALCULATED QUANTUM
EFFICIENCIES SHOWN IN FIG. 2

a) b) c)
Junction depth (um) .18 .18 .18
Cell thickness (um) | 280 280 350
Depl.~region thickness (um) .91 .91 .88
Emitter diff. length (1m) .01 .01 1.01
Base diff. length (um) 100 130 500
Emitter diff. const. (cmz/sec) 1.4 1.4 1.7
Base diff. const. (cmZ/sec) 34.2 34.2 34.1
Emitter recomb. vel (cm/sec) 107 107 2x10°
Base recomb. vel (cm/sec) 102 lO2 102
Emitter dopant conc.(/cm3) 1.5x1021 1.5x1021 1x1020
Base dopant conc. (/cm3) 1.4x1015 1.4X1015 1.5x1015
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TABLE V.- TRAP CHARACTERIZATION OF TRAPS FOUND IN n-on-p
CW LASER-ANNEALED DIODES

QUANTITY

l. Trap type
2. Activation energy ( E,eV)

3. Majority capture cross
section (cmz)

4. Minority capture cross
section (cmz)

5. Concentrations (x10!3/cm3)
l. CW Laser Annealed

2. CW Laser Annealed
+ Pulse Laser Annealed

3. CW Laser Annealed
+ 700°C Furnace Anneal

E-1

Minority
0.174 + 0.001

1.3 x 10~20
at 77 K

>3x 101
at 77 X

0.4 + 0.1

0.3 + 0.1

< 0.02

H-1

Majority
0.674 + 0.012

4.1 x 10-18

1.7 + 0.1

1.7 + 0.1

0.05 + 0.05

6. Both defect profiles were independent of distance from the

junction for the region measured (1 to 4 m).
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Fig. 1. Quantum efficiency measurements for solar cells without AR coatings
fabricated using a) CW laser annealing, b) CW laser annealing plus
700°C furnace annneal for 1 h, and c) pulsed laser annealing.
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Quantum efficiency measurements plus calculated quantum efficiencies
showing total quantum efficiency (solid line), and the contributiong
from the emitter (Je, dashed line), the base (Jb, dashed-dotted
line) and the depletion region (Jd, dashed double-dotted line). The
cells are the same as those of Fig. 1, where a) is CW laser
annealed, b) is CW laser annealed plus 700°C furnace anneal, and c)’
is pulsed laser annealed.
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DLTS spectra for diodes fabricated from 1) CW laser annealing and
2) CW laser annealing plus pulsed laser annealing.
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THE EFFECT OF MINORITY CARRIER MOBILITY VARIATIONS ON THE
PERFORMANCE OF HIGH VOLTAGE SILICON SOLAR CELLS

V. G. Weizer and M. P. Godlewski
N ASA Lewis Research Center
Cleveland, Ohio

INTRODUCTION

The Lewis Research Center has been engaged in an effort to understand
and optimize a multistep diffusion (MSD) processing schedule which has
enabled the attainment of high open circuit voltages in 0.1 ohm-centimeter
silicon solar cells. The schedule, described elsewhere (ref. 1), consists
of a deep primary diffusion, followed by an acid etch of the emitter
surface, which is then followed by a shallow secondary diffusion. In the
course of our work we have been able to correlate the voltage increases we
have observed with the time of primary diffusion. We found that as the pri-
mary diffusion time is increased, the voltage rises monotonically (ref. 1).

The working hypothesis we have devised to explain this correlation is
based on localized changes in the base minority carrier mobility. The
mobility changes are thought to be caused by stress fields emanating from
the emitter, which is itself in a state of high diffusion-induced stress.
The existence of highly stressed regions in the cell base near the junction
can be inferred from the presence of diffusion-induced dislocations in these
regions (refs. 2 and 3). Specifically, it is suggested that the stress
fields from the highly doped emitter extend beyond the junction into the
base and there cause a localized piezoresistive decrease in the minority
carrier mobility. It is further suggested that the width of this region of
low mobility increases as the time of primary diffusion increases. The
observed voltage increases, therefore, are due to the increasing width of a
region of low mobility.

The purpose of this paper "is twofold. We first will describe some.
surprising results obtained while trying to model this variable-mobility
structure. Second, we will show how the variable-mobility structure was
used to explain some unexpected experimental data obtained from high-voltage
MSD cells.

MODELING THE VARIABLE MOBILITY STRUCTURE

Figure 1 shows the calculated variation in the open-circuit voltage with
the width of the low-mobility region for the cell described in the figure.
As can be seen the voltage rises as the width of the Tow mobility region
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increases. Voltage variations such as these should be expected when changes
are made in the mobility since the mobility occupies a prominent position in
the expression for the device saturation current.

, On the other hand, one would not expected the short-circuit current or
the spectral response to be affected by mobility changes. It is known, for
example, that for a homogeneous base cell, the current and the spectral
response are completely independent of the value of the base minority
carrier mobility as long as the rear surface recombination velocity differs
from the diffusion velocity by a couple of orders of magnitude. We were

_ surprised, -therefore, when we derived the current equations for the case of
a cell with an abrupt mobility variation in the base. We found, in contrast
to the homogeneous base case, that the current express1ons conta1ned the
ratio of the mobilities employed in the two base regions. Thus, while the
current and the spectral response are independent of the actual values of
the mobility, they are functions of the change in mobility from one base
region to the other,

Figure 2, for example, shows the variation of the 0.9-micrometer
spectral response as a function of the width of the low-mobility region for
the cell described in figure 1. The plot is independent of the absolute
values of the mobility, depending only on.their ratio, which in this case is
an arbitrarily chosen 10:1. A parameiric study has shown that the current
-variations increase as the ratio increases for a given region width. Also,
as the ratio is increased, the current minimum occurs at Tower region
widths. Lower diffusion lengths also cause a decrease in the region width
for minimum current, As expected, the blue response is not affected by
these base mobility changes. The total current shows essentially the same
behavior as the red response. It should be noted that the red response (and
the total current) are extremely sensitive to mobility variations that occur
within a few micrometers of the junction, a region that would be most highly
affected by fabrication procedures such as diffusion.

In Summary, it has been found that (1) both the short-circuit current
and the spectral response are functions of the mobility ratio, (2) the
magnitude of the current and spectral response variations depend on the
degree and location of the mobility change, and (3) the short-circuit
current and the spectral response are extremely sensitive to mob111ty
changes occurring within a few micrometers of the junction.

COMPARISON WITH EXPERIMENT

The present Lewis MSD high-voltage cell is a deep-junction device.
Final junction depths of 3 to 4 micrometers are typical. Inherent in such a
device is a low blue response and thus a less-than-desired short-circuit
current. In an effort to increase the blue response, the junction depth in
each of several completed cells was reduced by chemically etching the
emitter surface between the grid fingers. The expected improvements are
illustrated in figure 3 where the calculated spectral response and
short-circuit current are plotted for several values of the junction depth
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for_a cell with a homogeneous base. As the junction depth is decreased, we
would expect a rise in the blue response, no change in the red response, and
a rise in the total current.

The measured variations in current and spectral response at various
stages in the etching procedure are shown in figure 4. Here, the blue
response increases with junction depth reduction as expected, but the red
response and the short-circuit current exhibit severe and unexpected
decreases. It appears that we have significantly altered the electrical
characteristics of the base without touching it directly. While we cannot
explain this behavior with a homogeneous base models, we can get some
insight into what is happening by invoking the variable base mobility
concept.,

If, as we have proposed above, long diffusions cause stress fields to be
propagated into the base from the highly doped and highly stressed emitter,
it then follows that, when we remove highly stressed emitter surface
regions, we also allow stress relief to occur in the base; that is, we allow
the width of low-mobility region to shrink. If we calculate, then, the
variation of the spectral response as the width of the low-mobility region
decreases as a result of the surface etching, we obtain the set of curves
shown in figure 5. In this figure, an arbitrary mobility ratio of 100:1 was-
used, and the junction depth (and hence the blue response) was held constant
at about 3 micrometers for simplicity. The results are quite similar to
what was observed experimentally.

It thus appears that we can explain, qualitatively at Teast, the
unexpected drop in red response with emitter etching by using a model that
relates the highly stressed regions in the emitter with regions of lowered
minority carrier mobility in the base.

CONCLUSIONS

The results of this study can be summarized as follows:

1. While the short-circuit current and the spectral response are
independent of mobility in an homogeneous base cell, they are functions of
the change in mobility in an inhomogeneous base cell.

2. Short-circuit current and spectral response variations depend on the
degree and location of the change in mobility.

3. The short-circuit current and the spectral response are extremely
sensitive to changes in mobility that occur in a narrow (<5 um) region
adjacent to the junction.

4. Unexpected spectral response changes due to emitter etching in MSD
cells can be explained using a mobility variation model.
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COMPUTER MODELING OF HIGH-EFFICIENCY SOLAR CELLS*

R. J. Schwartz and M. S. Lundstrom
Purdue University
Lafayette, Indiana

ABSTRACT

Transport equations which describe the flow of holes and electrons in the
heavily doped regions of a solar cell are presented in a form that is suitable
for device modeling. Two experimentally determinable parameters, the effective
bandgap shrinkage and the effective asymmetry factor are required to completely
model the cell in these regions. Nevertheless, a knowledge of only the
effective bandgap shrinkage is sufficient to model the terminal characteristics
of the cell. The results of computer simulations of the effects of heavy
doping are presented. The insensitivity of the terminal characteristics to
the choice of effective asymmetry factor is shown along with the sensitivity
of the electric field and quasi-electric fields to this parameter. The
dependence of the terminal characteristics on the effective bandgap shrinkage
is also presented.

INTRODUCTION

The need for accurate modeling of the physical phenomenon which control
the behavior of solar cells has long been recognized as being necessary to
the development of high-efficiency solar cells. This paper is concerned with
the accurate modeling of heavy doping effects and the proper technique for
incorporating experimentally determined heavy doping parameters into a
numerical solar cell model.

Since both the emitter and the high-low junction regions of a high-
efficiency solar cell are heavily doped, the performance of these regions is
controlled by the various heavy doping effects which occur. Among the con-
siderations for correct modeling of these regions are: 1) the regions are
degenerate and, therefore, require the use of Fermi-Dirac statistics, 2) the
density-of-states function is expected to have a change of shape due to band
tailing or the formation of an impurity band, 3) the original energy states
are expected to be shifted in energy due to free carrier-ionized impurity
interactions, and correlation effects. Recent papers have presented
theoretical calculations of the magnitude of these various phenomenon,
references 1 to 3. The problem, however, is that the present state-of-the

*This work was supported by the United States Department of Energy through
Sandia National Laboratories, contract number 13-2304.
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theory is not sufficiently developed. For example, the shape of the density-
of-states functions is unknown, and without this information one is unable

to compute the parameters which appear in the formulation of the transport
equations in the presence of heavy doping effects.

NOTATION
Y effective asymmetry factor
EG‘ bandgap
AEG ~ bandgap shrinkage
As effective bandgap shrinkage
Dp,Dn hole (electron) diffusion coefficient
—— ) .
J ,J hole (electron) current density
p’'n
k Boltzmann's constant
Nio intrinsic carrier concentration in a semiconductor with an
unperturbed band structure
Nie effective intrinsic carrier concentration
p,n hole (electron) carrier concentration
q magnitude of the electronic charge
T absolute temperature (Kelvin)
v electrostatic potential
Mooty hole (electron) mobility
X electron affinity
an Vnc The gradient operator with n (n_) held constant
’ ‘ v c

Edui]ibrium values of the parameters listed above are denoted by a superscript

O.
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TRANSPORT EQUATIONS

I f the existence of a mobility edge separating localized from delocalized
states is postulated, transport equations for materials with a position-
dependent band structure can be written. These equations in the form given
by Marshak and van Vliet (refs. 4, 5) are: :

EIC TR (1)
J = - vV + = e -DV » ]
p pqup L ( q q ] d p P
= - + + ) + 2
Jn = -nqu_ L.V(V q qq anVn (2)
where
KT p
p q an_ Yp
8nc
and
-kl p L
by =3 @ M (%)
Bnc

: Ne -
yr_ = LUBEE (5)
p 3p
an
n
v =KLy ¢, - , (6)
n an
Bnc

are the density-of-states effects.

Without a knowledge of the shape of the density-of-state function and
the location of the band edges these equations cannot be utilized for device
modeling. Others have formulated transport equations under more restrictive
assumptions, such as the rigid band approximation (ref. 6) or under conditions
for which Boltzmann statistics apply, (ref. 7). While these formulations
allow one to perform numerical calculations, they are restricted to cases
which are known to be violated in the emitter and the back surface field
region of high efficiency solar cells.
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A recent reformulation of the transport equation by Lundstrom, Schwartz
and Gray (refs. 8, 9) provides a means of avoiding these complications while
retaining a precise model of the effects of heavy doping on the transport
equations, and consequently upon the behavior of a solar cell (refs. 8, 9).
They have shown that equations 1 and 2 can be rewritten as

A
G
J = - 7(V-(1-y)—=) | - kTu v,
. Pqup[ ( qu xa (7)
and
YAG
Jn = -nqun [V(V + —E—J + kTunVn, , (8)
where
by = (BEL + 0+ ep) (9)
is the effective bandgap shrinkage and
Bg

is the effective .asymmetry factor.

The parameters, en and 8 , which contain the information on the position
dependence of the densnty—of—gtates and the influence of Fermi-Dirac statistics
are defined by,

gD - kTu '
V0 = VI = kT [-——P—————B] (11)
p p pu
P
and . .
gD - kTu .
VO =Vr_ - [———"———————ﬂ] ‘ (12)
n n nun

The significance of recasting the Marshak and van Vliet equations in
the form shown by equations (7) and @) is that the parameters which appear in
equations (7) and @), namely Ag and y, are experimentally determinable. These
experimentally determinable parameters contain the information on the band
structure and the influence of Fermi-Dirac statistics necessary to model
heavily doped semiconductor .devices. In addition, the simple, Boltzmann-like
form of these equations facilitates their use in device modeling.
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The effective gap shrinkage, Ag, is the parameter inferred from typical,
electrical measurements of heavy doping effects (refs. 10 to 12). Although
this parameter is frequently referred to as the bandgap shrinkage, equation 9
shows that Ag also accounts for the modified density-of-states and the
influence of Fermi-Dirac statistics. The effective gap shrinkage can be
related to the effective intrinsic carrier concentration as (refs 8, 9).

o
2 2 AG/KT-
ie nio e ? (13)

where n, 1is the intrinsic carrier concentration for a material with
unpertu}ged band structure.

The parameter y, which we refer to as the effective asymmetry factor,
accounts for the asymmetry in the shift of the band edges as well as the
modified density-of-states and the influence of Fermi-Dirac statistics. Like

Ag, v can be determined from electrical measurements, but unlike Ag;, no
measurements of y have been reported.

Equations (7) and (8) can be used by the semiconductor device modeler to
account for the complicated effects associated with heavy impurity doping.
Unfortunately, information on A, is quite limited, and no information on vy
exists. Fortunately, the terminal characteristics of the device are
insensitive to y when the heavily doped regions are in low injection, quasi-
neutral, and the dopants fully ionized, (refs. 8, 9). While it is true that
the terminal characteristics of the device are unaffected by the choice of v,
it is not true for some of the internal parameters of the cell. For example,

the built-in potential, electric field and quasi-electric fields are strongly
affected by v.

The remainder of this paper is devoted to showing the results of computer
simulations of solar cells to illustrate the use of the heavy doping model
described above. The sensitivity of solar cell performance to the two heavy
doping parameters, y and Ag is considered.

SENSITIVITY OF SOLAR CELL PERFORMANCE TO vy

A set of computer simulations was performed in order to test the
sensitivity of the device model to the choice of the effective asymmetry
factor.* For these simulations, a p™n¥ solar cell, described by the parameters
listed in Table |, was chosen. The doping profile of the p-n junction in

oL
The numerical model used for these simulations is described in reference 9.
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this device is shown in figure 1. Complete ionization of the impurities was
assumed in all simulations. Two different choices for y were considered. In
Case |, we set y = 0.5, and in Case Il we put all of the effective band edge
shift tnto the majoirty carrier band (i.e. y =0 for p-type, y = 1 for n-type).
Comparison of the computed, one sun IV curves, shown in Table I}, shows that
the terminal characteristics of the cell are relatively unaffected by the
choice for y. Similar agreement was observed when the spectral responses for
the two cases were compared..

The comparisons of the computed |-V curves for the two cases confirms
the prediction (refs. 9, 10) that the terminal characteristics of typical
heavily doped semiconductor devices are not sensitive to the choice for vy.
Figure 2, however, which compares the open-circuit electric fields within
the p-n junction region for the two cases, shows that the electric field is
quite sensitive to the choice of y. The quasi-electric fields for holes and
electrons are shown in figure 3. The two choices of y are seen to result in
very different quasi-electric fields, nevertheless, the effective fields which
act on the carriers are not affected by y. The effective fields are the sums
of the electric and quasi-electric fields for each carrier. Figures 2 and 3
show that the effective fields for holes and electrons are nearly identical
for the two cases.

The open-circuit carrier concentrations within the p-n junction region
are plotted in figure 4. As expected, (refs. 8, 9) the carrier concentrations
are not sensitive to the choice of y. Since both the effective fields and
carrier concentrations are independent of y, the current densities are also
expected to be unaffected by Y- Figure 5 shows that the expected result is
observed.

SENSITIVITY OF SOLAR CELL PERFORMANCE TO AG

The solar cell simulations showed that the terminal IV characteristics
of typical silicon solar cells are, as expected (refs. 9, 10) not sensitive
to the choice of y. The performance of silicon solar cells, however, is quite
sensitive to the effective bandgap shrinkage, Ag. |In order to study the
effect of Ag, we compared the simulated performance of the p *nant solar cell
with the simulated performance of an identical cell in which bandgap
narrownng was suppressed (i.e., Ag = 0). For these comparisons we chose

= 0.5 (all the results to be discussed, however, are independent of the
chonce of v).

v + + -

The computed current versus voltage curves for the p nan cell with and
without bandgap narrowing are compared in figure 6 which shows the well-known
(refs. 13, 14) reduction in open-circuit voltage, Vgc, caused by bandgap
narrowing. The cause for the reduction in open-circuit voltage can be as-
certained by examining figure 7, a plot of the open-circuit energy band
diagram for the p-n junction region of the cell. This energy band diagram was
computed by employing the rigid band approximation and is for illustrative
purposes only. A reduction of the potential barrier for electrons injected
into the heavily doped p-type region is shown by figure 7. This reduction of
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the potential barrier is caused by A and it is not affected by y. The
reduced potential barrier results in increased injection of minority carriers
into the heavily doped regions which increases the recombination currents
associated with these portions of the device and, therefore, reduces the
open-circuit voltage.

The computed characteristics of the p+nn+'ce]l, with and without bandgap
narrowing, are summarized in Table Ill. Because this cell was designed
(ref. 15) to minimize the deliterious effects associated with heavy impurity
doping, the open-circuit voltage of the cell is not severely degraded by
bandgap narrowing. 1In addition, since the short-circuit current of the cell
is not significantly affected by bandgap narrowing, the fill factor of the
cell is actually improved by bandgap narrowing. This effect, clearly shown
by figure 6, minimizes the degradation of cell efficiency caused by bandgap
narrowing. ‘

SUMMARY AND CONCLUSIONS

A set of transport equations for use in analyzing heavily doped semi-
conductor devices has been considered in this paper. The equations were first
presented, and the interpretation of the two parameters, Ag and y, used to
describe the effects associated with heavy impurity doping was discussed. The
influence that these two parameters have on solar cell performance was then
illustrated by the results of computer simulation.

The most important conclusion reached in this paper is that heavily
doped semiconductor devices can be modeled in terms of two experimentally
determinable parameters. The effects associated with heavy impurity doping
(i.e., band edge shifts, changes in the density-of-states and the influence
of degenerate statistics) can be modeled accurately by using the two parameters
in simple, Boltzmann-like transport equations., To model heavily doped semi-
conductor devices, there is no need to introduce additional, unproven
assumptions as is done in the frequently used rigid band approximation. In
addition, we have demonstrated that the terminal 1-V characteristics of
typical, high-efficiency, single-crystal, silicon solar cells are not
sensitive to the effective asymmetry factor, vy.
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TABLE | PARAMETERS USED TO MODEL THE p'nn® CELL.

Temperature 27°C
Device thicknesg 300um
Base doping density 5x% lolhcm_3
PN junction depth 0.35um
High-Low junction depth 1.0um
P surface concentration ];5 x lozocm_3
Nt surface concentration 3.0 x lozocm-3
Doping profiles compl;mentary error function
SRH lifetime parameter, TpO - Looysec
SRH lifetime parameter, T . 400usec
Auger coefficient, Ap 9.9 x lo-szcmssec-]
Auger coefficient, A 2.8 x 10-3]cm6$ec_
Front surface recombination velocity 5000 cm/sec
Back contact ohmic
Solar spectrunmi AM1
Optical reflection losses 0
Bandgap narrowing model (AG) Slotboom and DeGraaf
Effective asymmetry {(y):

CASE 1 o y=0.5

CASE I vy = 0 for p-type

y = 1 for n-type
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TABLE 11, COMPARISON OF 1 SUN I-V CURVES FOR TWO EFFECTIVE
ASYMMETRY FACTOR MODELS.

Voltage Current Density (MA/CmZ)
Case 1 Case I
0 37.4273 37.4245
0.1 37.4259 37.4232
0.2 37.4243 37.4216
0.3 37.4219 37.4192
0.4 37.3932 37.919
0.5 36.3423 36.3910
0.6 14,0828 14 9401
0.62 6.1536 4 5hg2
vOC Case 1 = 0.61512 volts
vOC Case 11 = 0.61632 volts

-6.1 x 10

Deviation

7.5 x 107

7.2 x 107°°
-5
-5

7.2 x 10
7.2 x 10

3.5 x 1072

-1.3x 1073

2.6 x-10

TABLE 111. COMPARISON OF p+nn+ CELL PERFORMANCE WITH AND WITHOUT

"BANDGAP NARROWING .

Short-Circuit Current
Collection Efficiency
Open-Circuit Voltage

Fill Factor

Efficiency

With BGN

37.43 mA/cm?

0.98
0.615 Votts
0.80

0.192
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Without BGN

37.59 mA/cm?
0.9
0.676 Volts
0.76

0.201
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THEORETICAL RESULTS ON THE DOUBLE-COLLECTING
TANDAM JUNCTION SOLAR CELL

Chandra Goradia and John Vaughn
The Cleveland State University

and

Cosmo R. Baraona
N ASA Lewis Research Center
Cleveland, Ohio

SUMMARY

Results of computer calculations using a one-dimensional model of the
Silicon Tandem Junction Solar Cell (TJC) with both front and back current col-
lection are presented. Using realistically achievable geometrical and material
parameters, our model predicts -that with base widths of 50uym and 100um and base
resistivities between 1 ohm-cm and 20 ohm-cm, beginning-of-life (BOL) effi-
ciencies of 14% to 17% and end-of-life (EOL) efficiencies of 12% to 14%, after
about seven years in synchronous orbit, can be obtained.

INTRODUCTION

Both theoretical (ref. 1,2) and experimental (ref. 3) results show that
the back-only collection Tandem Junction silicon solar cell (TJC) suffers a
significant degradation in efficiency after exposure to 1MeVelectron fluences
greater than 1014 electrons/cm?. The reduction of the short-wavelength
(<0.6um) spectral response to negligible values at high fluences of 1 MeV
electrons indicated that the one primary cause of the radiation-induced
degradation was the reduction of the base diffusion length and hence of the
minority carrier collection efficiency by the back-only collector contacts.

It was reasoned then that with current collection from both the front and
back nt regions, as shown in figure 1, the radiation degradation could be signi-
ficantly reduced while still retaining the advantages offered by coplanar back
contacts. In the double-collecting TJC structure of figure 1, the front metal
grid fingers may be wrapped around one edge of the cell and connected to the
bus bar of the metal fingers contacting the back nt stripes. The structure
could then be regarded as either a TJC with additional collection from the
front or as a conventional wraparound contact solar cell with additional col-
lection from the interdigitated back nt stripes. However, since the primary
current collection would be expected to be from the front, one would expect the
structure to behave more like a conventional front-collecting solar cell with
respect to radiation degradation. It would clearly be of interest to see if,
in theory, this double-collecting TJC structure offers a higher BOL efficiency
and higher radiation tolerance than either the front-only collecting wraparound
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contact solar cell or the back~only collecting tandem junction solar cell. To
this end, we derived a one-dimensional model of the double-collecting TJC.

THEORETICAL MODEL

The model of the double-collecting TJC was derived by considering this
device as a composite of eight solar cells in parallel, corresponding to the
front surface being illuminated or dark (under metal grid fingers), the sur-
face recombination velocity at the front surface being low or high (allowing
for dotted front metal contacts), and the back surface being nt collector or
not. The Ebers-Moll type currents were calculated for each of the eight cells
under appropriate boundary conditions and added to give the overall illuminated
current-voltage characteristic of the device. The model also accounts for
separate series resistance components in the emitter, base and collector cur-
rent paths as shownin figure 2,andallows the calculation of all performance
parameters as functions of the geometrical and material parameters, and 1 MeV
electron fluence.

Computer calculations were made using this model for various base resis-
tivities, base widths, base diffusion lengths, surface recombination velocities
and 1 MeVelectron fluences. The results of these calculations are presented
in this paper. All calculated results are for a 2 cmx 2cm double-collecting
TJC with 18 grid fingers on the front face, 36 n' and p+ interdigitated stripes
in the back and the total back nt and p+ areas of 3.4 cm® and 0.4 cm2
respectively. The nominal values of all other parameters used in the calcu-
lations are given in table 1.

In the radiation damage calculations, two sets of damage coefficients
were used. These were the lowest and the highest ranges (curves) from the
plots of 1 MeVelectron damage coefficient versus p-type silicon resistivity as
given by Srour et. al. (ref 4.) and they fit the following equations:

0.6254

Lowest Curve: K 1.034 x 10-10/(03)

&)

0.6164

Highest Curve: K (2)

3.296 x 1079/ (py)
where K is the 1 MeVelectron damage coefficient and pg is the resistivity in
ohm-cms of the p-type silicon base material. The above damage coefficient
dependences on base resistivity are based on experimentally determined values
and should be wvalid for base resistivities between 1 ohm-cm and about 50 -

100 ohm~cm. These allowed the calculation of the minimum and the maximum
amounts of radiation degradation that can be expected for the double-collecting
TJC solar cell for various combinations of geometrical and material parameters.
The calculated results are given in the following section.
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CALCULATED RESULTS AND DISCUSSION

Figure 3 shows the effect of base width and base diffusion length on the
BOL AMO efficiency for a 1 ohm—cm base resistivity solar cell. As would be
expected, for a given base width, longer diffusion lengths yield greater AMO
efficiencies and, for a fixed diffusion length, the smaller its value, the
shorter the base width at which the peak efficiency occurs. Note that since
BOL diffusion lengths greater than 300um are now becoming possible for fully
processed 1 ohm-cm base material solar cells, BOL AMO efficiency approaching
177 and higher should be possible for the double-collecting TJC.

Figure 4 shows the effect of varying the surface recombination velocity
at the uncontacted front and back surfaces on the performance parameters, ,
namely, the short-circuit current Ig., the open-circuit voltage Vye, the fill
factor FF and the conversion efficiency 7. The results are for a 1 ohm-cm
100um thick cell with a BOL diffusion length of 300um. It is seen that the
conversion efficiency is essentially constant for surface recombination
velocities less than about 103cm/s. Thus, it is essential to maintain the
surface recombination velocity at less than 103cm/s. We do not presently have
a physical explanation for the very slight improvement in the fill factor for
surface recombination velocities greater than 106cm/s.

Figures 5 and 6 show the conversion efficiency n versus 1MeVelectron
fluence for 50um and 100um wide cells respectively, for base resistivities of
1,6 and 20 ohm-cm. The solid curves in each figure correspond to the lowest
range of damage coefficients while the dashed curves correspond to the highest
range of damage coefficients. Note that, as expected, the theoretical
radiation damage behavior of the double-collecting TJC is indeed similar to
that of the conventional front-collecting solar cell and much better than that
of the back-only collecting TJC (ref 1,2,3). If we define end-of-life (EOL)
as an exposure to a fluence of 3 x 1015 lMe’Velectrons/cm2 or the equivalent
of roughly seven years in geosynchronous orbit, then it is seen from figures 5
and 6 that while the best EOL efficiency is obtained for a 50um thick 1 ohm-cm
cell, the least amount of percentage degradation in efficiency occurs for the
50pum thick 20 ohm-cm cell., This fact is shown even more clearly in figure 7
which plots the percentage degradation in efficiency versus the base resistivity
for 50uym and 100um thick solar cells. It is then seen that even with the
highest damage coefficient, a percentage degradation in efficiency of 15% can
be achieved in a 50um thick, 10 ohm-cm cell whose BOL efficiency would be
about 14.5%. On the other hand, if the processing-induced increase of damage
coefficient can be almost eliminated so that the lowest damage coefficient
curves in figure 7 apply, then a percentage degradation of 15% can be achieved
with a 50um thick, 1 ohm-cm cell with a BOL efficiency of about 16.5%.

Figure 8 plots both the BOL and the EOL efficiencies versus base resis-
tivity for 50um, 100um and 200um thick cells. This figure can serve as a
design guide in the choice of base width and base resistivity to obtain
specified values of BOL or EOL efficiencies.
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CONCLUDING REMARKS

The theoretical radiation tolerance of the double-collecting TJC is
significantly superior to that of the back-only collecting TJC. Since we have
presently not made theoretical calculations on the radiation damage in con-
ventional front-collecting solar cells with identical geometrical and material
parameters, no quantitative comparison can as yet be made to the radiation
tolerance of these cells.

Using realistiecally achievable values of geometrical and material para-
meters, our model of the double-collecting TJC predicts that in addition if
the 1 MeV electron damage coefficient in a finished solar cell can be kept as
low as in bulk material of the same resistivity, then a 1 ohm-cm, 50um thick
double-collecting TJC will degrade by only 15% from a BOL n of 16.5% to an
EOL n of 14.17%.

In theory, the double-collecting TJC offers high BOL efficiency, high
radiation tolerance, and the convenience of coplanar back contacts. In
practice, the greater complexity of fabrication of the double~collecting TJC
compared to conventional 50um thick cells with standard or wraparound contacts
may be an important consideration in its acceptance as a space solar cell.
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TABLE I
Parameter Values Used in Calculations

Temperature : = 300K

Spectrum = AMO _

Front Refl. Coeff, RF(k) = Measured values for AR-coated non-
reflective surface

Illuminated Area = 4 cm2

Number of n' and p+ Back Stripes = 36 each

nt Back Collector Area = 3.4 cm? (85% coverage)

pt Back Stripe Area = 0.4 cm? (10% coverage)

p Gap Area in Back = 0.2 cm2 (5% coverage)

Front Grid Finger Number & Area = 18, 0.2 cm2 (5% coverage)

Surface Recombination Velocity at 3

uncontacted front and back surfaces= 10~ cm/s

Surface Recombination Velocity at 9

Metal Contacts = 10 cm/sl

n+ Emitter and Collector Dopings = 2.5x 10 9 cm“3

n+ Emitter and Collector Depths = 0.3um

BOL Diffusion Length in nt Emitter

and Collector =  2um

Base Width ' = 100um, variable

BOL Base Diffusion Length = 300um, variable

Base Resistivity = 1 ohm-cm, variable

Base Series Resistance = 0.022 ohm

Emitter and Collector Series )

Resistances = Functions of Base Width and Base
Resistivity

n+ Emitter and Collector Damage _8

Coefficients = 2.0 x 10 © per electron

Base Damage Coefficient = Function of Base Resistivity
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Figure 1. Schematic Diagram of a Double
Collecting Tandem Junction Solar Cell.

Rse -Ve+ +Ve— T R
“’JVV-:E »ébvﬁg«-
ﬁ%;;f\[*' nt* P o

by,
AVAVAV, | PY]
I8=IE+IC
RSB
Ry
N o
+ v, -

Figure 2. Schematic Representation of Double
Collecting TJC With Emitter, Base and Collector
Components of Series Resistance.
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MEASUREMENT OF MINORITY-CARRIER DRIFT MOBILITY IN SOLAR CELLS
USING A MODULATED ELECTRON BEAM¥*

Siegfried Othmer and M. A. Hopkins
Northrop Research and Technology Center
Palos Verdes Peninsula, California

The hypothesis has been advanced that processing effects on minority-
carrier drift mobility may explain variations in open-circuit voltage among
space-quality silicon solar cells subjected to different processing protoco]s.1
Also, some evidence exists that integrated circuit process flows may result in
degradation of drift mobility.2 It is therefore of interest to determine the
mobility or, equivalently, the diffusivity in solar cells, without subjecting
them to additional processing steps.

A determination of diffusivity on solar cells is here reported which
utilizes a one-dimensional treatment of diffusion under sinusoidal excitation.
Cells used were the same as those employed in Ref. 1. An intensity-modulated
beam of a scanning electron microscope (SEM) was used as a source of excita-
tion. The beam was injected into the rear of the cell, and the modulated com-
ponent of the induced terminal current was recovered phase-sensitively. A
Faraday cup to measure the modulated component of beam current was mounted
next to the sample, and connected to the same electronics, as shown in Fig-
ure 1. A step-up transformer and preamplifier were mounted on the sample
holder. Beam currents on the order of 400 pA were used in order to minimize
effects of high injection. The beam voltage was 34 kV, and the cell bias was

kept at OV.

The amplitude of the junction terminal current as a function of modula-
tion frequency is presented in Figure 2 for two types of specimens. The ratio
of the sample current to measured beam current is shown. Initially, Tittle
response was detected as the beam was injected into the back surface. Good
results were obtained after a groove was cut into the back surface using a
diamond saw. This served to cut through a back surface layer characterized
by high recombination velocity. Curves shown are for model calculations to
be discussed below. Measurements of phase delay of sample current with re-
spect to Faraday cup current are given in Figure 3 for the same two cells.

Results were analyzed using a one-dimensional treatment of diffusion
under sinusoidal excitation, following McKelvey.3 Low injection conditions
were assumed. The continuity equation to be satisfied for excess density
An{x,t) is

D o2an an _ d(an)

X

2 T ot ?
*Work supported by the Solar Energy Research Institute, a prime contractor
to the Department of Energy, under Subcontract No. XS-9-8313-1, Prime
Contract No. EG-77-C-01-4042.
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where D is the diffusivity and T the minority-carrier 1ifetime.
The solution for sinusoidal excitation is \

An(x,t) = An(x) cos(wt) = an(0) e-BX/L'cos(wt - yx/L)

for diffusion in the positive x-direction and excitation source at the
origin. L is the diffusion length. Here B and y are given by

- 'il/z
B = L%(1+ 1+w2’r2)

and J1/2
2 2

L
Y = -2(14- 1+w'r)“

In the present case, the solar cell junction samples the excess density
at some distance x = R from the point of injection. A best fit to the ob-
served amplitude dependence is obtained by varying the diffusion length and
the Tifetime. (In this manner, an approximate value of diffusivity can be
obtained by use of the equation LZ = Dr.) The best fits are shown in Fig-
ure 2, along with fits for other values of L to indicate the sensitivity of
the fit to choice of L. Using the best value for L, a fit of the phase de-
pendence (Fig. 3) is obtained by choice of Tifetime or, equivalently, diffu-
sivity. An additional fit to the data, obtained using a different value of
diffusion length (discussed below), is also shown.

The best value %f diffusivity for specimen 672-5 appears to be 17 cmz/sec,
and for 664-1, 14 cm“/sec. Equivalent mobilities may be determined using the
Einstein relationship, eD = pkT. The calculated mobilities are 660 and 540 cmz/
V-sec, respectively. The base resistivity in these cells is 0.1 ohm-cm,l and
published values of drift mobility for this resistivity are in the range of
400-440 cm/V-sec.4s5 The present experimental values exceed the reported
ones, contrary to expectations on the basis of processing effects. The qual-
ity of the theoretical fits suggest that application of a one-dimensional
model is legitimate. The magnitude of scatter in the data indicates that
diffusivities are obtained to within about 15% precision. Possible sources
of systematic error include effects of high injection, and our assumption
that excitation occurs at the surface, rather than at finite depth. Effec-
tive depth of excitation could be as-large as 3 um for the 25 keV beam used,
amounting to <6% of the effective cell thickness (measured from the bottom
of the cut). Effects of high injection were tested for by measurement of
phase delay for different degrees of beam defocus. No observable effect on
the phase was noted. (By contrast, the amplitude showed a slight (<10%)
decrease upon defocussing.)

The cells measured here had been subjected to an unconventional proces-
sing sequence.l A Tlong emitter diffusion was followed by etch-back and a
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secondary emitter diffusion. An increase in open-circuit voltage under illum-
ination conditions yielding identical short-circuit currents (25 mA/cm?) was
observed for long primary diffusion times. A decrease in diffusivity was
postulated to explain this result. This supposition was supported by cell
measurements which showed that the diffusion lengths in the samples were
nearly identical, but that lifetimes differed. Judging from the amplitude
dependence shown in Figure 2, it appears that neither the diffusion lengths
nor the lifetimes in the two samples are identical. We are reluctant to

draw quantitative conclusions from the amplitude data, since the assumption

of one-dimensional transport is much more questionable in that case than in
the case of the phase measurements. Moreover, effects of rear surface re-
combination have not been taken into account. Finally, the diffusion lengths
measured under ac conditions may be governed by trapping rather than recombi-
nation, and would be smaller than those determined under dc conditions. Fortu-
nately, assumptions of diffusion length have only minor influence on the de-
termination of drift mobility on the basis of the phase data. If we assume,
for example, that the diffusion lengths are ~250um, as determined from ce11
measurements,l the diffusivities calculated are found to be 18 and 15 cmZ/sec
for the samples 672-5 and 664-1, respectively, vs. 17 and 14 determined above.
It should be noted that the diffusion length which yielded the best fit to the
amplitude data of sample 664-1, about 35 um, also yielded the best fit to the
phase data. It was anticipated that sample 664-1, which was subjected to a
A-hour primary diffusion, should exhibit a higher diffusivity than the speci-
men 672-5, which was subjected to a 41-hour primary diffusion. This has not
been confirmed in the present measurements.

REFERENCES
1. M.P. Godlewski, T.M. Klucher, G.A. Mazaris, and V.G. Weizer, Conference
Record, 14th IEEE Photovoltaic Specialists Conference, 1980, p. 166.

S. Othmer, Scanning Electron Microscopy, 1978, Vol. I, SEM, Inc., p.727.

3. John P. McKelvey, Solid State and Semiconductor Physics, Harper & Row,
New York, 1966, p. 439.

. S.M. Sze and J.C. Irvin, Solid State Electronics 11, 599 (1968).
5. K.B. Wolfstirn, J. Phys. Chem. Solids 16, 279 (1960).

> es Figure 1. Experimental ar-

DUAL IN-LINE rangement for the measure-
PACKAGE\\“\\ p ment of cell response in

amplitude and phase under

= . conditions of rear-surface

injection using a modulated
beam.

/,/' 30 TURN
FARADAY
cup

L]

80118

63



10°— a l | ' ' ]
i ® CELL 672-5, R =105 um i
i ; 41-hr PRIMARY DIFFUSION |
sk ACELL 664-1, R=52 ym
X 4-hr PRIMARY DIFFUSION
2 ~
10° ~
o | B
- L. .
<
" -
L
=] " -
=
=
-l -
4 L
s
<
2 e —
10'— —
5 -
- _
] ] 1 L ] ‘
0. 2 5 1 2 3 10

FREQUENCY (MHz)

80143
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SHORT-CIRCUIT CURRENT IMPROVEMENT IN THIN CELLS
WITH A GRIDDED BACK CONTACT*

Michael Giuliano and John Wohlgemuth
Solarex Corporation
Rockville, Maryland

The use of a gridded back contact was undertaken recently on thin silicon
solar cells (50 um) with the objective of decreasing the weight of the cells
still further for space application., An unexpected increase in short-circuit
current of almost 10 percent was experienced for 2 cm x 2 cm cells. Figure 1 is
a photograph which shows the contact grid pattern on both the front and back of
the cell as viewed in a mirror. Control cells with the standard continuous
contact metallization were fabricated at the same time as the gridded back cells
with all processes identical up to the formation of the back contact. The
gridded back contact pattern was delineated by evaporation of Ti-Pd over a photo-
resist mask applied to the back of the wafer; the Ti-Pd film on the controls was
applied in the standard fashion in a continuous layer over the back of the cell.
Ti~-Pd contacts were similarly applied to the front of the wafer, and the grid
pattern on both sides of the cell was electroplated with 8-10 um of silver. A
p'p back surface field (BSF) had been previously formed by alloying a screen-
printed film of aluminum and chemically cleaning off the excess aluminum and
other film residues.

Figure 2 compares the I-V plots for the 2 x 2 cells, showing the increase
in short-circuit current which resulted for the gridded back contact cells in
this experiment. The reasons for the increase in I . are presently under
investigation. Among the possible mechanisms are: -

o Optical reflection off the silicon/air interface of the gridded back
which increases the light path through the silicon for thin cells,

o Improved bulk minority carrier lifetime because the gridded back
results in stress release on the solar cell as compared to a contin-
uous back metal contact.

o Improved back surface recombination velocity with the removal of the
metal/silicon interface.

In an attempt to evaluate some of these possibilities, we compared IV
characteristics for the gridded back thin cells with illumination from the front
and back. These are illustrated in Figure 3 on cells which had no AR coat.
There is an appreciable response with back illumination which suggests that back
surface and bulk recombination are not excessive in this cell. , The investiga-
tion is continuing and the results will be reported in a later publication.

* N
This work was partially supported under JPL Work Order #LQ-727616
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Figure 1. Contact Grid Pattern on Front and Back of Thin Cell
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SILICON RESEARCH AND TECHNOLOGY WORKSHOP REPORT

A. Meulenberg, Jr.
COMSAT Laboratories
Clarksburg, Maryland

The Silicon Research and Technology Workshop -discussed
materials, structures, processing, modeling and measurements of
high efficiency silicon solar cells. In the materials area, high-
lights included: 1) the possibility of improving cell voltages
by reducing minority carrier mobilities in critical regions of
the solar cell; 2) the need for and possibility of lowering the
surface recombination velocity for improvement of open circuit
voltage in shallow junction cells; -3) the present need for im-
proved lifetime in high resistivity cells; and 4) the potential
for new materials such as polycrystalline or dendritic web material
to perform well at end-of-~life in a radiation environment.

In the area of structures, distinction was made between
those for terrestrial use and those that would survive radiation
environments. It was felt that tandem junction, induced junction
and M-I-S cells have promise in the terrestrial area but have
shown limitations under irradiation. Use of thin cells, "dot"
contacts, thin, heavily doped, surface layers, and back surface
fields have shown their importance under the proper conditions;
improvements are still expected from these areas. The use of back
surface reflectors, transparent back cells, and IR transparent
arrays are all deemed necessary for low temperature operation in
space.

Processing was covered to some extent in the discussions
of structures and materials but new areas such as epitaxial growth
and laser or electron-beam annealing (and diffusion) were proposed
as having certain advantages over more conventional techniques.
More work on these techniques should help overcome problems which
have limited their full utilization. The means of reducing the
surface recombination velocity and of improving the influence of
P back layers on heavily doped silicon were highlighted as
critical problems at the present time. Solar cell modeling appears
to be adequate for guidance of research at the present time. How-
ever, as fabrication limits are pushed, the uncertainties in
structure and nature of thin, heavily doped, silicon layers and
the associated surfaces may require new data and probably new
models. The study of these limiting structures will require some
new measurement techniques and some methods were discussed for a
more sensitive determination of surface recombination velocity on
appropriate test structures rather than on finished cells. If
mobility control is envisioned, measurement techniques compatible
with studying gradients throughout the material may be necessary.
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In general, the discussion pointed out present results
as material and processing limited. Theoretical structures have
been proposed to overcome these problems, but even if practice
cannot meet theory, there was optimism about the knowledge ob-
tained in pursuit of the goals providing new avenues to follow.
The possibility of a quantum jump in cell efficiency must not be
discounted so that the reality of an 18 percent silicon solar cell
might be practical and not just a one-shot laboratory accident.
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THE GaAs SOLAR CELL RESEARCH AND DEVELOPMENT
PROGRAMS OF THE AIR FORCE
Kenneth T. Masloski

AF Wright Aeronautical Laboratories
Wright-Patterson AFB, Ohio

 INTRODUCTION

GaAs has received much interest for space application photovoltaics due to
its inherent advantages over silicon. Higher efficiencies, superior radiation
hardness, and a greater temperature resistance are the major advantages of Gals
over 5i. Present and future Alr Force programs will look for ways of maximizing
these advantages while minimizing disadvantages such as higher costs and
welghts. Currently, four programs in GaAs photovoltaics are underway and each
program will be discussed in terms of its objective, approach and present
status,

HIGH EFFICIENCY SOLAR PANEL (HESP) PHASE II Gals

The HESP Phase II GaAs program is being performed by Hughes Aircraft Com-
pany (ref. 1). The program began in September 1977 and will conclude by
October .1980. The objective of the program is the development of space quali-
fied solar cells having a beginning-of-life (BOL) efficiency of 16%, at 25°C,
under air mass zero (AMO) illumination. After T years in the synchronous orbit
radiation environment, which is approximated by 3 x 10L%* IMEV electrons/cm? for
laboratory simulation, these cells shall have an end-of-life (EOL) efficiency
of 14%, at 25°C, under AMO illumination. Hardening the contacts and inter-
connects against laser and nuclear weapon effects and the development of weld-
able contacting and interconnecting techniques will also be considered. Also
the fabrication methods developed from this program must be documented to
provide a potential mass production capability.

The approach chosen was to use GalAs substrates grown through tle Horizon-
tal Bridgeman Growth Method. The cell is then fabricated using the liquid phase
epitaxy (LEP) method (ref. 2). ‘

The first step in this process, the Horizontal Bridgeman Growth of GaAs
substrates, is being performed by a subcontractor, Crystal Specialties. This
method is diagramed in figure 1. Gallium is placed in a quartz boat container,
that is contained inside a three zone furnace. Support liners of boron nitride
are placed on the sides and under the boat to provide support at high tempera-
tures. A small amount of tellurium dopant is placed in the growth ampoule in
front of the boat and a stoichiometric amount of arsenic is placed on the other
end of the growth ampoule. The ampoule is evacuated and sealed. The gallium is
heated to 12L7°C, while the arsenic is heated to 600°C. The arsenic sublimes
and reacts with the gallium forming a GaAs melt. The melt is slowly cooled to
form a single crystal, nt+ doped GaAs substrate. Ingots of 2x2 inch size have
been produced using this method. The ingots are sawed, lapped and polished into
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wafers of 8 and 12 mil thickness. The thin wafers had a high rate of failure
(62% rejects) compared to the thicker wafers (25% rejects), due mostly to hand-
ling problems. The acceptable wafers are shipped to Hughes for cell processing

The wafers are processed into cells by infinite solution liquid. phase
epitaxy (LPE). As shown in figure 2, a molten solution of GaAs and dopants of
Al, Be, or Sn is maintained at the growth temperature (750°C). While the
wafers are lowered into the solution, the growth temperature is reduced a few
degrees to initiate growth. ZEach growth run takes about one hour. The wafer
holder has been modified to hold (8) 2x2 inch wafers therefore producing (64)
2x2cm cells in each batch.

The finished cell is shown in figure 3. The substrate is the 12 mil
tellurium n+ doped wafer. The first layer grown by ILPE is the Sn doped n-type
buffer layer of 10 micron thickness. The next layer is the Be doped p-type
window layer of the AlGalAs of .5 micron thickness. The junction is formed by
diffusion of Be through the window layer into the buffer layer. The depth of
this junction is critical to the radiation hardness of the cell. The cells
developed by this program have .3 micron junction depths.

The upper p contact of AuZn is applied by sputtering through a 24 finger
mechanical mask. The AuZn layer is an alloy of 85% Au and 15% Zn by weight and
is about 20008 in thickness. About 5 microns of silver is applied and the con-
tact is sintered at 480°C.

The lower n contact of AuGeNi is applied by thermal evaporation, This
alloy is 85% Au, 12% Ge and 1.5% Ni by weight and is also about 2000% in thick-
ness. A 5 micron silver overlay is applied.’

A 7508 thickness anti-reflection (AR) coating of Tas05 is applied. A 12
mil thick fused silica coverglass with a second AR coating of MgF, is applied
using Dow Corning DC 93-500 adhesive. The finished cell is 30 mils thick with
a weight of 1.1 grams.

The program is near completion and the final report will be out in a few
months. Based on results from the qualification testing most of the program
objectives have been met. Specifically the goals for BOL and EOL efficiency
have been met and were exceeded. The tests have demorstrated the superior
radiation hardness and higher temperature capability of the GaAs cells compar-
ed to state-of-the-art silicon cells. The fabrication process has been
documented and based on the success of this program is capable of a pllot line
production if the need should arise.

The biggest disappointment of this program was a very high rate of failure
of the welded back tabs. Thirty-three (33) percent of the back tabs failed the
.551b pull test, thile only 8% of the front tabs failed. Each cell has 6 front
contact tabs and 6 back contact tabs used to interconnect the cells. One
broken tab does not prevent an electrical interconnection, in fact, the
connection between cells can be carried by a single tab. Based on a 33% fail-
ure rate, the mathematical probability of all 6 rear tabs being broken at
.551bs pull strength is only 1 in a 1000. However, of the 24 cells tested,
there were 2 which had all 6 rear tabs fail. This indicates that an abornally
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high rate of failures are occurring on certain cells. PFurthermore most of the
failures are occurring in a series of tabs located next to each other. This
would indicate that contamination due to handling may be causing the welding
problem. Further work will be required in this area and this will be scheduled
into the GaAs panel program.

GalAs SOLAR CELL PANWEL

The GalAs Solar Cell Panel program is being performed by Hughes Aircraft
Company. The program began in October 1979 and will conclude by April 1983.
The original objective of the program was to design and build a space qualified
GalAs solar panel of at least 1.2 square meters with a five year EOL power
density of 125w/m2 at 27VDC. The plan was to build this panel to the require-
ments of the GPS Phase II spacecraft, however, that has been cancelled. The
new objective is to design and build 3 panels and possibly fly as an experiment
on another spacecraft. The new design parameters are dependent on the space-
craft and therefore have not yet been determined. These panels will utilize
cell technology developed from the HESP Phase IT program. At the present time
Hughes is in the process of making cells for the program..

RIBBON GROWTH OF SINGLE CRYSTAL GaAs FOR SOLAR CELL APPLICATTON

: The GaAs ribbon growth program is being performed by Westinghouse Electric
Corp (ref. 2). The work began in July 1978 and will conclude by July 1981.

The objective of the program is to produce very thin layers of single crystal
GalAs substrate material thru the dendritic web process. The success of this
program will lead to a reduction in cost and weight of GaAs cells. The den-
dritic web techniques has been very successful for the growth of both Si and Ge

crystals and it is hoped that this process can be useful in growth of GaAs
crystals.

The general process of dendritic web growth is shown in figure 4. A den-
drite seed having twin plane structure is lowered into molten GalAs at such a
temperature that the seed neither melts nor nucleates growth. By slowly cocol-
ing the melt, a "button" shaped growth begins to form over the top of the seed.
As the button is slowly pulled upward, two dendrites form columns that extend
into the melt. Between these two dendritic columns a very thin film of liquid
forms. This film freezes rapidly into a smooth single crystal surface produc-
ing excellent substrate material. This process was first used on GaAs by West-
inghouse in 1964 under an AF contract. However, thermal control problems led to
As vaporization and as a result, the quality of the web was poor. To correct
these problems, a liquid encapsulation technique was developed using 3203 which
acts essentially like a cover over the liquid GaAs. The BpO3 encapsulation
method has been thus far proven effective in trapping the vaporizing As. In
addition, a computer heat flow analysis has been developed for this method and

“the computer indicates favorable results for dendritic web growth. Further

developments will include growing larger width webs and the growth of n doped
webs.

At present several 12 inch long, one centimeter wide ribbons have been

grown using this technique. The thickness has varied considerably between the
dendrites. Also, the ribbons contained multiple dendrites rather than one on
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each edge. It is suspected that this is a result of a larger than expected
thermal gradient in the pull direction. In the remaining months of the program
it is hoped that these problems can be resolved through finer control of the
ribbon growth parameters.

THIN FTIIM GaAs SOLAR CELL RESEARCH

The Thin Film GaAs Solar Cell Research program is being performed by
Howard University. It is a 6 month program which began in June 1980. The
objective is to fabricate a Schottky barrier gallium-silicon oxide MIS solar
cell with a BOL AMO efficiency of at least 12% at 25°C. EQL efficiency should
not be degraded by more than 30% when irradiated at a fluence of 1x10t
electrons/cm2 at IMEV.

The Schottky barrier solar cells are majority carrier devices whose life~
times are 5 orders of magnitude more radiation resistant than minority carrier
devices. The major obstacle in the development of these cells has been finding
a stable oxide. This program will fabricate Shottky barrier cells by using
a spin-on gallium-silica oxide on Gals.

At this time Howard University is in the process of optimizing both growth
parameters and oxide thickness. Also some "spin-on" oxide layers were deposit-
ed onto the layers of GaAs that were grown by LPE. The thickness of these
layers is presently unknown. In the next few months the Air Force expects some
completed cells for delivery.

LOW COST GalAs SOLAR CELL DEVELOPMENT

The Low Cost GaAs Solar Cell Development Program is expected to begin in
the near future. It is scheduled to be & 3 year program leadingto a high
efficiency, radiation hardened GalAs solar cell with a greater than 50% cost
reduction at device level. This will be achieved by building the cell on a
dendritic ribbon substrate. The approach to this program will be highly depen-
dent on the GaAs Ribbon Growth Program mentioned earlier.

CONCLUSIONS

The five GaAs solar cell programs discussed are indicative of AF efforts
to achieve the ultimate solar cell for space use. High efficency, low cost and
weight cells that are hardened to both natural and man-made hazards is the goal
of the AF solar cell program. GaAs shows much potential towards meeting those
goals. Future developments will likely ineclude thinner substrates thus reduc-
ing cost and weight; reducing the junction depth which may lead to an increased
particle irradiation hardness; utilizing the higher temperature capability of
GaAs to increase laser hardness; and increasing efficiency to over 20%.
Successful completion of these objectives will undoubtedly lead to the opera-
tional use of GalAs in future AF space missions.

REFERENCES

1. High Efficiency Solar Panel, Phase II, Gallium Arsenide Interim Report by
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THE CLEFT PROCESS, A TECHNIQUE FOR PRODUCING EPITAXIAL
FILMS ON REUSABLE SUBSTRATES#*

John C. C. Fan, C. O. Bozler, and R. W. McClelland
Massachusetts Institute of Technology
Lexington, Massachusetts

Using a new peeled film technique which we have named the .CLEFT process
we have grown single-crystal GaAs films by vapor-phase epitaxy on reusable
GaAs substrates. A growth mask with narrow, widely-spaced stripe openings is
first deposited on a single-crystal GaAs substrate with (110) orientation.

The mask material is chosen to have low adhesion to GaAs. Epitaxial growth
initiated within the openings is followed by lateral growth over the mask,
which produces a continuous single-crystal GaAs film. The film is bonded to a
secondary substrate and then mechanically cleaved from the GaAs substrate,
leaving the surface of the latter in condition for repeating the procedure.

In an initial demonstration of the CLEFT process, a solar cell with conversion
efficiency of 15% at AM1 has been fabricated from a GaAs film only 8 um thick
mounted on a glass plate 300 um thick. Because it can greatly reduce the
quantity of bulk single-crystal material now being used in the fabrication of
solar cells, the CLEFT process should permit a drastic reduction in cell cost
without a significant reduction in efficiency. The CLEFT process should also
be applicable to other semiconductors such as Si and InP.

* This work was supported by the Department of the Air Force.
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HIGH EFFICIENCY EPITAXIAL GaAs/GaAs AND GaAs/Ge
SOLAR CELL TECHNOLOGY USING OM-CVD* |

K. L. Wang, Y. C. M. Yeh, R. dJ. Stirn, and S. Swerdling
Jet Propulsion Laboratory
Pasadena, California

 EXTENDED ABSTRACT

INTRODUCTION

The objective of this research program is to develop a technology for
fabricating high-efficiency, thin-film GaAs solar cells on substrates appro-
priate for space and/or terrestrial applications. The approach adopted uti-
lizes organometallic chemical vapor deposition (OM-CVD) to form a GaAs layer
epitaxially on a suitably prepared Ge epi-interlayer deposited on a substrate,
especially a light weight silicon substrate which can lead to a 300 Watt-per-
kilogram array technology for space. The proposed cell structure is shown
in Figure 1. The intermediate goals of the program are to investigate GaAs
epilayer growth on single-crystal GaAs and Ge wafer substrates and to develop
related cell-fabrication technology.

EXPERIMENTAL

GaAs layers were grown on (100) single-crystal GaAs substrates in a
horizontal CVD reactor at 700 - 725°C with a growth rate of 0.2 micrometer/
min. By alternately adding dimethylzinc and hydrogen sulfide to the gas
stream as pand n- type dopants, a shallow n*/p homojunction GaAs structure
was produced. _The active p-layer about 2 micrometeri thick was doped to
1-2 x 1017 cm=3, whereas the n* layer about 500-1000A thick was doped to
4 x 1018 cm-3 for low sheet resistance. Electroplated gold was used for
grid and back surface contact coating and the anti-reflection coating was
made by anodization. A similar configuration and process was used for GaAs
cells fabricated on single-crystal Ge substrates.

* The research described in this paper was performed at the Jet Propulsion
Laboratory, California Institute of Technology, and was sponsored by the
National Aeronautics and Space Administration, Office of Aeronautics and
Space Technology, under Contract NAS7-100 with the Jet Propulsion Laboratory
and by the Solar Energy Research Institute/Department of Energy and the
United States Air Force (at Wright-Patterson AFB) through an agreement with
the National Aeronautics and Space Administration.
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RESULTS AND DISCUSSION

High quality GaAs epi-layers have been obtained by using OM-CVD. Un-
doped GaAs films on Cr-doped substrates showed a Hall mobility as high as
8000 cm2/v-sec and an electron concentration of 3 x 1014 cm-3 at room temp-
erature. The electron or hole concentration in the n- type or p-type GaAs
epi-layers, respectively, was found to have a linear relationship to the do-
pant concentration in the gas stream. Although the maximum electron_concen-
tration in GaAs doped with hydrogen sulfide can reach 5.8 x 1018 cm=3, the
mobility of electrons decreases when the concentration exceeds 4 x 10T 8 cm-3,
so that the sheet resistance of the top n* layer would deleteriously increase
instead of decreasing. The best energy conversion efficiency of 19.7% mea-
sured under simulated AM1 conditions (ELH lamp) was achieved with _an n*/p
GaAs solar cell made on a single-crystal GaAs substrate with 1- cml area, as
shown in Figure 2. The values of open-circuit voltage (Vyc), short-circuit
current density (J ¢) and fill-factor (FF) for this cell were about 0.988
volt, 25.6 mA/cmé and 0.78, respectively.

The GaAs epi-layers grown at 700°C or above on single-crystal gg su
strates were found to be heavily doped by the substrate, with Ny= 10
for undoped GaAs as determined by Hall measurements To reduce gh1s autodop—
ing to an acceptable Tevel (less than 1017 cm-3) the growth temperature
had to be lowered to 650°C or less. However, the surface morphology (as
shown in Fig. 3 and Fig. 4) of GaAs grown on Ge was also found to be strongly
influenced by the growth temperature, deteriorating as the temperature was
lowered. In order to achieve good surface morphology and yet to avoid high
autodoping, a method using sequential GaAs growths at two temperatures was
developed. This involved using a higher temperature {v700°C) for initial
nucleation continuous coverage and good morphology and a lower one 6b650°C)
for continued growth. By using this method, GaAs solar cells with an n*/p
shallow homojunction structure were made. The best cell exhibited an AM1
efficiency of 18.4% (Fig. 5), with other cells having efficiencies just a
Tittle less. The values of Voc: Jgc and FF for this best solar cell are
1.0 V, 24 mA/cm? and 0.79, respectively.

Recently, thin epitaxial layers of GaAs, bright and shiny, were suc-
cessfully grown by OM-CVD onto Ge epi-interlayers which were grown onto
(100) Si substrates. - X-ray diffraction measurements showed that the Ge
interlayer and the GaAs top layer were completely single-crystal, having the
same (100) orientation as the Si substrate. This is the first report of
successful growth of this structure. After cleaving the substrate, SEM
photographs of the cleaved surfaces clearly showed the uniform layered struc-
ture. Growth optimization, characterization measurements of the thin films,
as well as solar cell fabrication and performance measurements will be
done, the procedures and results for which will be reported at a later date.
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STUDY OF PROCESS TECHNOLOGY FOR GaAlAs/GaAs HETEROFACE SOLAR CELLS

Edmund J. Conway, Gilbert H. Walker, and Charles E. Byvik
N ASA Langley Research Center
Hampton, Virginia

and

- David W. Almgren
Arthur D. Little, Inec.

SUMMARY

Process technology for producing 10,000 single-crystal GaAfAs/GaAs
solar cells per year was studied. The only technique that is presently
developed to the point that 10,000 cells could be produced in one year is
the infinite melt liquid phase epitaxy process. The lowest cost per cell

. is achieved with the advanced metal organic chemical vapor deposition
process. Molecular beam epitaxy is limited by the slow growth rate. The
lTowest cost for an 18-percent efficient cell at air mass zero is
approximately $70 per watt.

INTRODUCTION

This study of process technology assumes a requirement for 10,000 2 cm
x 2 cm single-crystal pGaAfAs/pGaAs/n-GaAs heteroface solar cells per
year. For the purpose of this study, the processes evaluated for fabricat-
ing these solar cells are liquid phase epitaxy (LPE), chemical vapor depo-
sition (CVD), and molecular beam epitaxy (MBE{. Each of these processes
utilizes an n-GaAs single crystal substrate approximately 250 um thick on
which the epitaxial layers are grown. Two LPE processes are considered:
the infinite melt process and the finite melt process. In the infinite
melt process, two separate reusable melts are maintained. One 5-kg melt of
Ga, As, and the n dopant is used to grow an n-GaAs buffer layer on the sub-
strate wafer. A second 3-kg melt of Ga, As, Az, and the p-dopant is used
to grow the p-GaAfAs window- layer. During the growth of the p-GaAsfAs, the
p dopant diffuses into the buffer layer, forming the p-GaAs. In the finite
melt LPE process, the smaller melts are not reused. One finite melt LPE
technique, however, does not require the growth of the n-GaAs buffer
layer. This method uses an etch back epitaxy process. The CVD process
considered utilizes organometallic compounds of Ga, A%, and AsHz for the
gallium, aluminum, and arsenic sources. These compounds react on the sur-
face of the heated substrate to form the GaAs and the GaAgAs. In the MBE
process, molecular beams of Ga, As, and A% are directed from effusion cells
onto a heated GaAs substrate in an ultrahigh vacuum such that the GaAs and
GaAsAs are formed. The MBE technique is characterized by slow growth rates
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(typically 1 um per hour); however, the uniformity and composition of the
layers are very precisely controllable. Growth rates for the CVD process

are approximately 0.25 ym/min, and for the LPE process approximately
0,5 um/min,

Substrates

Common to all these processes is the need for 250-um thick
single-crystal GaAs substrates. Considering saw kerf losses, polishing
losses, and cleavage losses, annual production of 10,000 2. cm x 2 cm cells
would require 15.1 kg of Ga and 16.2 kg of As, and results in a purchase
price of $5.00 for each of the polished substrates.

Major Costs

Table 1 shows the major direct costs per cell for growth of the
epitaxial layer for 10,000 2 cm x 2 cm solar cells per year using the
various processes. The costs per cell shown in this table do not include
the $5.00 cost for each polished 2 c¢cm x 2 cm substrates which is common to
all processes. For the purpose of this study, percent yield is defined as
the percent of the input material that is incorporated in the epitaxial
layer. The lowest costs per cell are for the infinite melt LPE (IM-LPE)
process and for the metal organic CVD (MO-CVD) process. Assuming an
18-percent cell at AMO, the cost for the IM-LPE process is $71 per watt
including the substrate cost, and the cost for the OM-CVD process is $70
per watt including the substrate cost. From table 1, notice that the major
items affecting the cost per cell for the epitaxial layer are the time to
fabricate, the labor costs, and the capital equipment costs; however, the
materials costs become important in some cases when the percent yield is
lower than 100 percent. In no cases, however, are the energy costs a
significant percentage of the cost per cell. Each of these items will now
be discussed separately.

Fabrication Time

Table 2 shows the fabrication times for the various processes using
one growth chamber of current design. From this table it can be seen that
only the IM-LPE process can produce 10,000 cells per year using one growth
chamber of current design. Table 2 shows that even if higher quality sub-
strates were available such that no GaAs buffer layers were needed, a
single MBE system could not produce the 10,000 cells in one year. The cur-
rent MO-CVD systems in use are limited to growing one cell per cycle. The
time to grow 10,000 cells is therefore 31 months. In order to grow the
10,000 cells in one year by this process, three systems would be required.
A commercially available four-loop MO-CVD system can grow approximately
11 cells per cycle; therefore, this advanced system could produced the
required cells in approximately three months. Scale-up of the MO-CVD
process to produce 36 cells per cycle appears feasible. Thus, less than
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one month would be required to grow 10,000 cells using the most advanced
system. Scale-up of the MBE process using a third-generation MBE system to
produce about seven cells per run appears feasible; however, in order to

use only two systems to produce 10,000 cells per year, the buffer layer
must be eliminated.

Materials

Table 3 shows the material requirements for the 10,000 cells. The
percent yield for the IM-LPE process is shown only at 100 percent since the
use of all of the material removed from the confined melts is incorporated
in the epitaxial layer. The MBE process is shown at a maximum percent
yield of 50 percent since geometrical considerations would 1imit the per-
cent yield to 50 percent. Additional experimental effort is needed to
quantify the percent yield for the MO-CVD process and for the LM-LPE pro-
cess; however, collection and recycling of the OM-CVD exhaust gases and the
LM-LPE melts may be possible.

Labor Costs

Table 4 shows the labor costs for producing the required 10,000
cells. The three-month fabrication time for the MO-CVD process assumes the
four-loop system. The 31-month fabrication time for the MBE. process
assumes a third-generation MBE system.

Capital Equipment

Table 5 shows the amoritized costs for the capital equipment. Note
that the cost per cell is $0.42 for the IM-LPE process; however, the
amortized cost per cell for advanced MO-CVD process is also low at $0.50
per cell.

CONCLUSIONS

Referring again to table 1, this study has shown that for producing
10,000 4-cm? GaAgAs-GaAs heteroface solar cells per year, the lowest cost
per cell is for the four-loop MO-CVD system with a 100-percent yield. The
cost of cells produced by the MBE process is the highest for all processes
studied; however, MBE is a useful tool for studying and optimizing solar
cells. For both the MO-CVD process and the IM-LPE process, the substrate
cost dominates the cost of the epitaxial layer. For both processes, the
substrate cost is greater than 70 percent of the cell cost. Including the
substrate cost, the lowest cost identified for GaAfAs/GaAs heteroface solar
cells is $70 per watt assuming 18 percent AMO efficiency.

89



8 e ¢
197 $
89 PII$
7 vil$

65 7C $

e $

4 PP PR

21130 ¥3d
1509

Sye9/sy(edlv) W9-Z X WI-g 000 ‘0T 40 S48

*$1199 Jejos
fe| [eixeyida

ay} Jo Umo.b Joj 1199 Jad S350 108.1p Jofew jo Aewwns . <1 ajqe]

% $
% $
56 'c$
66 t$
200" ¢
200° $
200° $
200° ¢
200" ¢
200" $
q10° ¢
q1I0° ¢
610" ¢

910" $

S1S09J
AJY¥IN]

"S31VY¥1S9NS IHSIT0d ¥04 331 dd ISYHIUNd NEu\vm.E< JaNTONI 1ON S300 ¢

"'SS3004d 3HL Ol QILLNGNI
TVIYILYW FHL OL SYIAYT NMOYD ATIVIXVLIdT FHL NI TVI¥ILYW FHL 40 O11VYd FHL SV Q3NIA3a SI A3HA T

7
7L
1€ €€ $
IEEES

o O
I TaN Yo

| i e M D O
O O O e el =t LN
aaal NN
L7

O
<

S1S09
INIWJIND3
1ldVvd

76°9 $
769 $
90 °Ll$
90 °Ll$

aI'T $
aI'T$
aT'T ¢
76°9 $
769 $
76°9 $

ITY1$
Vs
[t

pa'l $

S1S0J 409Vl

aanN3gynann  IVIY3Lviv

0" ¢
€0 ¢
e $
€0 $
6 '¢C$
62¢C $
€ 3
6 '¢e$
60°C $
€ ¢
29 $
90° $
900" $
900" $

S1S0J

Ie
Ie

€9
14

{SHINOW)
31vI1¥4v4
0L Wil

1140¥d ANV GVIHYIA0 ONIANTIXI @

9
0s
q
0s

|
01
001
I
01
001
I
01
001

00T
(%)

AT3IA

Igw

aAJ-OW

113W 3LINIS -
173W 3LINIANT - 3d1

$S3004d

90



‘ubisap Jua.Jnd jo Jaquieys ymodb auo buisn saunpasoud
Ymodb [eIxe}ida JuaJaiip 404 SaWI) UDIeILIqe) jo Alewwng 3 9]qel

"SINIWIYINDIY

'NO112Naoyd Sm_.:s__.: A4SI1VS 01 43d0T3A3a N334 SYH LVHL-WALSAS V NO @iSve ¢
"HINOW ¥3d NOILYY3dO 40 S¥NOH o2 NO @3ISvd 1

=i 0N

€

€9
14

(SHINOW)
STI39 000 01
H~_0u_ JwiL

T W =]

OO N NN
— oo

9

(SHYNOH)
1130 ¥3d Wil

N N

(WZ x Wog)
ST130 40 'ON

Lo B |
=

oY Ta}
N—- oo

(SANOH)
JWIL FT0AD

HIMOYO wry -
HIMOY¥9 wrilT - 38W

GAJ-OW

J13IW 3LINIS -
1AW 3LINIANT - 341

$53304d

91



02 72
v20 2
119 21
1921
921

021 21
AT
el
Iet

012 91
(B)

ANNOdWOJ ININIVINOD
JIN3SYV 40 JIN3SHY

‘|e119)ew 1s0] Jo
£18A073.1 OU BUWINSSE $][99 JB[OS SYBY WI-Z X WI-2
000 ‘0T @1B21IqR} 0} S)UBWIAIINDA [BlJBjeW JO fewwng 3¢ ajqel

091°¢
91¢

06L°L1
6LL'T
8.1

008 01
080 T
801
801

780 ‘ST

(b)
ANNOdWOJ ONINIVINOD
WNITIVO ¥40 WNITIVY

¥IAVTMOANIM SY (e91y)-d
¥IAV1 syeo-d

¥IAVT ¥3ddng sveo-u
3LYYLS4NS syes-u

G,
0s

I
01
00T
I
01

001
001

0T = BY/SV-38W

sy -

€€H0)e9 - AAD

&

113w a3Liwi -
113W JLINIANT - 3d1

L1 NOILVYYdIdd ILViLSEnsS

(%)
A

wrg0 @
wrg) @
wror e
wrpsz @

$S3004d

92



“Jaquieyd
ymo.b abuls B UM S|[99 Je[0S SYR9/SY(BIIY) 000 0T 40} -
sJafe| [eixerida moJb 0} $)S09 Joge| pauspinqun jo AlewwnsS 3 ajqe]

"AVQ ¥3d 14IHS ¥NOH 8 F1ONIS V SNIWASSY T

769 $ oY ‘69 $ ! 3 |
90 'L1$ 095 ‘014 ! e 38w
ST $ 025 ‘11 $ Z €
76°9 $ O '69 ! € GAD-OW
11 v1$ 021 ‘Tr1$ ! €9 LTIW 3LINI -
VST $ 0% ‘ST $ 2 v LT3W ALINIANT - 3d1
T30 ¥3d  1S0J ¥08Y1 S¥OLV¥IO  (SHINOW)
1500 ¥oavy1  WioL 40 'ON  (IWIL WIOL $53004d

4NOH ¥3d 00°02$ LV YOSIAYIANS (%02) IWIL 1dvd INO @
4NOH ¥3d 00°0T$ 1¥ SNOSYId INILVYY3d0 IWIL TIN4 OML 40 INO @

93



"SJaquieyd ymoub jo
Jagunu wnwiuiw e mc_E:mmm $355920.4d uoleILIqR} |30 JB|O0S
JU3.3J4Ip 40} 1502 UONeZi)Jowe Juawdinba [eydes jo Alewwing G ajqel

SYIGWVHO HLMOYO OML NI AYOIN3IANI NI @713H L1T3IW 40 SWvE9 000 ‘'8 404 00 ‘vey s mm_n_:._oz:

A 19 'p6€ ‘2LT$ 1€ |

1€ °¢6$ 09 '999 ‘c€€$ vie 000 ‘062$ 190
05" ¢ 667006 $ ¢

s $ EZBILIS $ | 1€ 000 ‘L $ aAD-OW
1972 $ 0 €69 ‘92 $ €9 00002 $ 113w 3LINIE -

W $ 806127 $ y ' $ LTAW JLINIANT - 3d1
T STJJ ¥vi0sS Ol (SHINOW) $1509 INIWdIND3

did 1S09 @3lvdo0TIv 1S0d $S3004d

NOILVZILNOWY NOILVZILyOWy Tyioy WILNOILVOIdEvd — vlidvd 1viol

ISTYIINI %21 1V 1830 dV3IA JAId V ONIWNSSV @

94



HIGH EFFICIENCY COMPOUND SEMICONDUCTOR
CONCENTRATOR PHOTOVOLTAICS

Peter Borden, Paul Gregory, Ram Saxena,
Richard Owen, and Ogzzie Moore
Varian Associates, Ine.

Palo Alto, California

SUMMARY

Work on compound semiconductor concentrator photovoltaics at Varian is
reviewed. Special emphasis is given to projects that have achieved significant
results in the last six months. These include the high yield pilot production
of packaged AlGaAs/GaAs concentrator solar cells, using organometallic VPE for
materials growth, the demonstration of a concentrator module using 12 of these
cells which achieved 16.4% conversion efficiency at 50°C coolant inlet tempera-
ture, and the demonstration of a spectral splitting converter module that
achieved in excess of 207 conversion efficiency. This converter employed ten
silicon and ten AlGaAs cells with a dichroic filter functioning as the beam

splitter. Finally, a monolithic array of AlGaAs/GaAs solar cells will be
described.

INTRODUCTION

Varian has a number of ongoing programs related to the development and
demonstration of high efficiency compound semiconductor concentrator photo-
voltaic devices at both the cell and module level. The purpose of this paper
"is to review some significant developments that have occurred during the last
six months. These include the following:

- Organometallic vapor phase epitaxy (OM-VPE) has been successfully applied
to the pilot production of AlGaAs/GaAs solar cells. This epitaxial
growth technique has the advantages of exceptional control, uniformity,
provides good surface morphology, and naturally lends itself to high
throughput. As a consequence, production yields of packaged cells,
measured at 50°C and 400 AM2 suns, are 87% greater than 187 efficiency,
677 greater than 20%, and about 457 greater than 227, with the best cell
to date running at 23.2% efficiency.

- A module of 12 AlGaAs/GaAs cell illuminated by 12 curved-groove fresnel
lenses providing 400 suns has been built and tested. This module achieved
a conversion efficiency of 16.47 with AM2 insolation. The coolant tempera-

ture was 50°C, and pumping losses have been subtracted from the output
power.

- A spectral splitting module has also been built and tested. This achieved

20.34% at 839 W/m?2, with a 37°C coolant inlet temperature. Here, curved-
groove fresnel lenses illuminated dichroic filters, which split the beam
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into a high energy component transmitted to AlGaAs cells with bandgaps of
1.65 eV and a low energy component reflected to silicon cells. The
module had a total of 20 cells, ten of each type. 1In the test, they were
wired together for a single output. ‘

A high voltage AlGaAs/GaAs solar cell is being developed. This consists
of an array of solar cells monolithically integrated onto a single sub-
strate. Because of on-chip series interconnection, high voltage-low
current terminal characteristics are obtained. The fabrication, rather
than the bandgap, determines the operating voltage, so that the cell can
be optimized for a number of applications.

In the following sections, each of these topics will be discussed indivi-
dually. '

OM-VPE AlGaAs/GaAs SOLAR CELLS

Varian is currently engaged in the pilot production of AlGaAs/GaAs solar
cells. These devices are designed for use in point focus concentrator systems
opetrating at 400 AM2 suns, with coolant temperatures up to about 150°C.

Through this program, we have gained considerable experience in the fabrication,
packaging and testing of AlGaAs/GaAs solar cells, and have demonstrated that
they can be produced with high yield.

A principal reason for seeing good yields has been a switch from liquid
phase epitaxy (LPE) to organometallic vapor phase epitaxy (OM-VPE). The OM-
VPE cell structure is described in another paper [1]. From a processing
standpoint, OM produces wafers with a minimum number of morphological defects.
This translates into higher yields, especially during photolithography.
Results of an extensive life test program have shown that degradation under
stress is correlated to surface defects, so that the OM-VPE cells show a
longer life than LPE devices. Significantly, since OM-VPE is a vapor phase
process, it can be scaled up for high throughputs.

Figure 1 shows the grid structure appropriate for a concentrator cell.
The chief design feature is a nearly constant grid line spacing to reduce
emitter series resistance. The lines are spaced 60 microns; the diameter is
.49 inches. The contact metal scheme is a Au-Mg-Au sandwich followed by a TiW
barrier and a layer of gold. The back contact is similar, except that Sn
replaces the Mg to provide contact to the n-type substrate.

A packaged cell is shown in Fig. 2. The alumina baseplate has a moly-
manganese pattern to which the cell die-is vacuum soldered with a silver-tin
solder. The leadframe is bonded to the top of the cell with lead-indium
paste. Copper tabs brazed to the baseplate carry out the current.

Packaged cells are tested at one sun in a xXenon-source solar simulator,
and at concentration in a computer—controlled xenon source flash tester. The
latter unit consists of a photographic strobe mounted above the cell., A
computer triggers the flash, then captures the peak voltage and current on
peak detectors. By varying an active load, the computer plots the cell IV
curve and finds the cell short circuit current, open circuit voltage, £fill
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factor and efficiency. By varying the power and strobe-cell spacing, a con-
centration range from a few suns to several thousand suns can be obtained.
The flash spectrum does not exactly match the sun's; we have found, however,
that measured efficiencies at room temperature in the flash tester compare
within the error of the system to tests with an AM2 spectrum and the cell at
50°c. :

Typical pilot production yield data on packaged cells measured at 400 AM2
suns by flash testing shown in Fig. 3. For comparison, the yield on a batch
of LPE cells appears. The difference in performance can be attributed to the
better doping and thickness control, and better morphology obtained with OM-
VPE.

A life test progrém is currently in progress [2]. It began before the
OM-VPE cell was well developed, and has focused largely on unpackaged LPE
cells. These devices use magnesium as a p~type dopant in the emitter, and
have proven stable at one sun in a variety of tests. These include storage at
400°C in a N7 ambient and thermal cycling between room temperature at 425°C,
also in nitrogen. The short circuit currents of the test cells are plotted in
Figs. 4 and 5 for these two tests. Note that in the thermal storage experiment,
significant degradation sets in after about 600 hours and failure of the
entire batch occurs only after 3000 hours. The primary failure mode appears
to be delamination of the silicon nitride AR coating. Other storage tests at
425°C in nitrogen and 250 and 350°C in air are presently underway to better
identify failure mechanisms and to estimate the time to failure at normal
operating temperatures.

12-CELL CONCENTRATOR MODULE

As part of a program sponsored by DOE and Sandia [3], Varian has built
and tested a module consisting of 12 AlGaAs/GaAs cells illuminated at 400 suns
with 12 curved-groove fresnel lenses. Figure 6 shows a breakdown of the
module. From top to bottom, it consists of a parquet of 12 lenses. A heat
shield, made of aluminum, protects plastic components from damage during off-
track operation. The cells are connected in a four in parallel-three in
series arrangement, and fit in the base of a housing made of foamed lexan. An
integral cooling manifold uses a jet impingement technique to cool the backs
of the cells. The completed module is shown in Fig. 7, mounted on a tracker
for testing. \

Module performance as a function of insolation at 28 and 50°C is shown in
Fig. 8. Coolant pumping losses have been subtracted from these data. The AM2
performance of 16.47% at 50°C considerably exceeds the best reported performance
of about 127 for modules using silicon cells and operating at about the same
coolant inlet temperature and insolation level.

10-UNIT SPECTRAL SPLITTER MODULE

Under sponsorship of Sandia [4], a spectral splitter module has been
designed and built. The module is shown schematically in Fig. 9. One of the
units is shown in Fig. 10. The entire module consists of 10 units supported
with an I beam. Each unit has a f4.2 hexagonal curved groove fresnel lens
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focusing light onto a dichroic filter. This filter ideally has a cutoff of
1.65 eV, reflecting light below this energy to a silicon cell and transmitting
light above this energy to a 20Z AlGaAs cell with a bandgap of 1.65 eV. The
effective concentration (that is, the ratio of lens area to spot size on the
AlGaAs cell with the filter removed) is 477 suns. The system is actively
cooled; all 20 cells are mounted in plastic jet~impingement coolers, using
water as a cooling fluid.

Both types of cell have been made and packaged at Varian. A grid mask,
similar to that shown in Fig, 1 but with a 1/3-inch diameter, is used. The
package is the same. as that shown in Fig. 2. The silicon cell has a .07-
micron deep diffused p-type emitter; a deep emitter is acceptable since low
emitter resistance is more important than blue response in this application.
The substrate is 111 n-~type FZ silicon, with a diffused back surface field.
Such cells, packaged, have been tested at 15-167 full spectrum 400-sun AM2
efficiency.

The AlGaAs cells are grown by LPE and otherwise processed in a manner
identical to the AlGaAs/GaAs solar cell. The bandgaps vary from 1.58 to 1.68
eV as a consequence of the extreme sensitivity of aluminum incorporation into
the solid to aluminum concentration in the LPE melt. These cells, as well as
the silicon cells, have cover glasses to protect from environmental degradation
and allow cleaning. )

The completed module appears in Fig. 11. This is wired for a single
output by connecting all silicon cells in one series string and forming two
series strings with five AlGaAs cells in each. Since the operating voltage of
the AlGaAs cells is nearly twice that of the silicon, these three strings are
then connected in parallel.

Testing is presently underway. The best results to date, 20.34% effi-
ciency with 839 W/m2 insolation and a cooling water temperature of 37°C,
appears in Fig. 12. It shoulé be noted that the filters in the present system
have a cutoff of 1.55 eV, due to design compromises made between the manufac-
turer and Varian. Also, losses in the fresnel lens are 15-20%. Taking these
into account, the performance of this module matches or exceeds the results
reported by Varian in 1978 for a single converter [5].

A comparison of the spectral splitting and GaAs concentrator modules
gives a measure of the advantages and drawbacks of going to a spectral split-
ting approach, given the present state-of-the-art. The obvious advantage is
a 25% increase in conversion efficiency (about 167 compared to about 20%).
The drawbacks are the cost of the filter, which must necessarily consist of
multiple dielectric layers to achieve a sharp enough cutoff, and the increased
complexity of the optical system which makes alignment and optimization of
performance more difficult. A longer focal length system with the spectral
splitter increases the cost of materials. We have noted no problems with
reliability of the cells, filters, or lenses; the module has remained on the
laboratory roof in the weather for about four months to date. The optics,
however, have required realignment from time to time.
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HIGH VOLTAGE. CELLS

In work sponsored by SERI [6], we are developing monolithic series~
connected arrays of AlGaAs/GaAs solar cells, or "High Voltage Cells'. The
device structure, shown in Fig., 13, consists of a number of subcells grown on
an insulating GaAs substrate, isolated with etched grooves, and interconnected
with metal lines. Because the device has a high voltage-low current output
(by virtue of its series connection), grid line widths can be reduced --
indeed, with n-on-p structures, with higher emitter mobilities, grid lines may
not be needed. This compensates for obscuration introduced by the intercon-
nects, so that these devices can have efficiencies comparable to planar solar
cells. An advantage of working with GaAs is the short absorption length,

allowing the use of shallow structures that are simple to fabricate by standard
monolithic processes.

Use of these devices should considerably facilitate array design, since
the cell terminal voltage can now be decided by the designer rather than the
material bandgap. An obvious application is in spectral splitters, where the
oft—imposed constraint of matching the short circuit currents of the high and
low bandgap cells could be removed. Another application is in the design of
high voltage photovoltaic systems which use long strings of cells. Because the
performance of the entire string is affected by the degradation of even one
cell, it is desirable to use as many strings as possible, each covering as
little a fraction of the total array area as possible. Use of high voltage
solar cells obviously allows minimization of the array area occupied by each
series string. ’

A four-cell device has been fabricated and tested; Fig. 14 ‘shows the IV
characteristic at about 1 AM2 sun and, for comparison, the IV characteristic
of a single-junction AlGaAs/GaAs solar cell. The details of the performance
of this device are described elsewhere [7]; note that the open circuit voltage
is about four times that of the single-junction device. Work in the lab is
proceeding toward the demonstration of an optimized 10-subcell device.

CONCLUSION

Since initial demonstration of a high-efficiency AlGaAs/GaAs solar cell,
the thrust of the Varian program has been to produce a reliable, high-efficiency
packaged device that is not a laboratory experiment, but a device that can be
readily used in photovoltaic systems and can be cheaply produced in large
quantities. The development of OM-VPE epitaxial growth and the ceramic base-
plate package configuration, and the demonstration of high yield in pilot
production have been significant accomplishments in this direction.

At the module level, recent results with a GaAs module and a spectral
splitter module have demonstrated the state-of-the-art efficiency advantage of
GaAs over other technologies, and the advantages accrued by pursuing a spectral
splitting approach. The latter is of relevance to work on cascade cells,
since it represents, in some ways, an '""ideal' approach, because effects due to
individual components of the system can be isolated and the cells can be
carefully chosen and matched.
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Fig. 2 A packaged AlGaAs/GaAs concen- LPE - OM VPE Comparison
trator solar cell. Active area is :
.49" in diameter.
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Fig. 3 pilot production yields at 400 aM2 suns/50°C fo
packaged OM-VPE and LPE solar cells, fabricated by
the came process.
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Fig. 7

The prototype module mounted on a
solar tracker.
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A photograph of the completed

Fig. 11

spectral splitter module.
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STATUS OF ROCKWELL-ERC HIGH EFFICIENCY SOLAR CELL PROGRAMS

S. W. Zehr, J. A: Cape, D. L. Miller, and H. T. Yang
Rockwell International Electronies Research Center
Thousand Oaks, California

INTRODUCTION

Rockwell International's Electronics Research Center is engaged in a long
term effort to develop practical high efficiency photovoltaic devices for both
terrestrial and space applications.

The effort includes programs aimed at developing large area, high effi-
ciency GaAs heteroface cells for low concentration (<10 SUNs) space applica-
tions and high concentration {100~1000 SUNs) terrestrial applications as well
as other programs aimed at developing high efficiency (>25%) multicolor de-
vices for use in similar applications. An additional program is aimed at
achieving improved power-to-weight ratio by parting thin film solar cells
from their growth substrates prior to their incorporation into an array
assembly. There is potential for multiple reuse of the substrates which
could lead to reduced costs for such devices.

Highlights of these programs and their interrelated contributions toward
the goals of reducing specific weight, volume and cost of photovoltaic space
power systems are discussed below. Overall goals are summarized and current
programs and their funding sources are listed in Fig. 1.

MULTICOLOR SOLAR CELL PROGRAMS

Two approaches toward achieving high efficiency by means of multicolor,
multiple bandgap devices are being pursued. The goal of the Air Force (APL)
sponsored program is to demonstrate a device with 1 SUN AMO efficiency of
~25%. The approach has been to first survey a number of candidate materials
combinations, growth techniques and converter designs and then choose the most
promising combinations of these for final development to meet the performance
goal. The materials combinations considered have been limited to closely
lattice-match combinations of III-V compounds and/or Ge. The growth techni-
ques examined have included LPE, conventional CVD, MO-CVD, and MBE. The
candidate converter designs have all been variations on the theme of series
connected subcells of appropriate high and low bandgap materials joined by
an optically transparent tunnel junction ohmic contact.

Our current baseline configuration for such a device is shown schemati-
cally in Pig. 2. A significant feature of this design is the semi-transparent
nature of the high bandgap AlXGa _XAS subcell which allows an appropriate
fraction of high energy photons To pass through to the underlying GaAs sub-
cell. This is done to optimize the opposite trends of current matching and
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good AlGaAs subcell performance with variation of Al content. An additional
feature of the design is the use of ultra thin tunnel Junction structures of

GaAs. By maintaining the nt and p+ layer thickness <2004, the optical ab-
sorption losses in the tunnel junction are in the range of 1-2%. The use of
GalAs rather than higher bandgap AlGaAs facilitates growth of low resistance
structures.

Devices of this type have been fabricated having V. ~2.1 volts and con-
version efficiencies ~2%. A typical plot spectral reg%onse as a function of
electrical bias is shown in Fig. 3. The complicated interaction of the I-V
characteristics of the two subcells and intervening tunnel junction is appar-
ent in the plot.

The goal of the SERT sponsored program is primarily to demonstrate high
efficiencies from multicolor devices at high concentrations under terrestrial
1Jlumination. However, success with this program could be directly applled
to producing enhanced performance space cells.

The approach here is to attempt to fabricate two cell, non-lattice
matched, monolithic stacked devices incorporating optimum pairs of individually
grown subcells having bandgaps in the range of 1.621.7 eV and 0.95-1.1 eV.

The high bandgap subcells are being grown by MO-CVD to produce layers of AlGals
of appropriate thickness, composition and doping to give optimum performance
heteroface homojunction structures. The low bandgap subcells are being simi-~
larly fabricated from AlGaAsSb compositions by LPE.

These subcells are then to be joined to form the final monolithic con-
verter by an appropriate laser bonding technique. The bonding is also in-
tended to produce the needed transparent intercell.ohmic contact (IOC) and
ultimately provide in-situ formation of an AlGaAsSb window layer, lattice-
matched and epitaxial to the low bandgap cell. The overall device structure
before and after the laser bonding operation is shown in Fig. k4.

The current status of the combined multibandgap effort is summarized in
Fig. 5. Major future challenges remain in developing,AlGaAs subcells with
improved performance and developing improved intercell olmic contacts using
tunnel junctions and laser bonded structures. Because of the criticality
of maintaining good current match between the individual subcells, it is
anticipated that multibandgap devices may be more affected by radiation damage
than are conventional single junction cells. It remains to be seen whether
this will occur in practice.

PEELED FIIM GaAs SOLAR CELLS

The objective of this program is to determine the technical merit and
cost feasibility of basic process steps involved in the fabrication of Gads
peeled film solar cells. Several approaches to cell growth, bonding the cell
to a low cost carrier, separating the cell from the reusable substrate, and
processing methods are being investigated.
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A photograph of a 0.5 x 0.5 cm peeled film GaAs heteroface solar cell.
supported by (wrapped around) a porous alumina rod appears in Fig. 6. The
important processing steps needed to produce peeled film cells are shown
schematically in Fig. 7. The current status of ocur peeted film effort is
summarized in Fig. 8. It still remains to show that acceptable efficiencies
can be realized with these cells. It also remains to be determined what the
best configuration is for supporting the cell structure during ultimate use.

GaAs EFFICIENCY IMPROVEMENT STUDY

"The goal of this program is the achievement of high yields of high effi-
ciency GaAs heteroface cells. To this end, the project is focused on iden-
tifying the efficiency limiting factors in cell materials and cell processing,
and improving materials growth and cell fabrication methods so as to mitigate
these factors. Specifically, the program plan calls for (1) developing an
in-house capability for directly synthesizing up to 3" diameter GaAs boules
by the liquid encapsulant method, (2) establishing 2" and 3" diameter MO-CVD
(metal organic chemical vapor depositidn) epitaxy as the method of solar cell
layer growth, (3) studying the defects in the GaAs substrate and epigrown
layers and correlating materials quality with the cell efficiency, and (k)
as materials evidence for the results of this program, delivering a minimum
number (150) 1 cm. diameter concentrator cells meeting specified performance
characteristics to the sponsor.

Figure 9 shows the configuration of the current structure of our high
efficiency MO~CVD grown GaAs heteroface solar cells. Figure 10 shows typical
performance data for this type_of cell. Such structures have been repeatedly
grown on areas of up to ~2 in~ with all 0.5 x 0.5 cm cell AMO efficiencies
lying in the 18%1.5% range. Efforts are currently under way to scale up the
MO-CVD reactor to accept 3" diameter substrates. 1.7 x 1.7 cm and 5x 5 cm
masks are being designed for fabrication of large area cells. Experiments
are under way to explore potential advantages of lower temperature epitaxial
growth. There is accumulating evidence that growth &t ~650°C significantly
reduces the detrimental effects of recombination centers which can rapidly
diffuse from the substrate into the growing layers during higher temperature
(~750°C) growth. -
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SPACE SOLAR CELLS

GOALS

o HIGH POWER/MEIGHT RATIO
* [ARGE AREA DEVICES (5 cM x 5 cM)

CURRENT PROGRAMS

¢ STACKED MULTIBANDGAP SOLAR CELLS (APL)
ADVANCED CONCENTRATOR CELLS (SERD)
GaAs PEELED FILM SOLAR CELLS (SERD)
GaAs EFFICIENCY IMPROVEMENT (Sanpia)
BULK CRYSTAL GROWTH (NASA)

ADVANCED SPACE CELL CONCEPTS (IR&D)

e MOCVD-GROWN ArGaAs AND GaAs SUBCELLS
o MBE-GROWN GaAs TUNNEL JUNCTION 10C
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Fig. 2. Current baseline configuration of 2-cell SMBSC.
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STACKED CELL SPECTRAL RESPONSE
AS FUNCTION OF ELECTRICAL BIAS
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Fig. 4. TLaser bonding.
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AuGaAs SUBCELLS

* GOOD SPECTRAL RESPONSE ACHIEVED IN MO-CVD AL 36a 7As SUBCELL
¢ HIGH SERIES RESISTANCE REMAINS A PROBLEM (FRONT CONTACT GRID)

INTERCELL OHMIC CONTACTS
o RELIABLE LOW RESISTANCE TUNNEL JUNCTIONS ACHIEVED WITH MBE

® LASER BONDING OF DISSIMILAR SEMICONDUCTORS DEMONSTRATED
* p DOPANT OTHER THAN Zn NEEDED FOR MO-CVD TUNNEL JUNCTIONS

COMPLETE CONVERTERS

¢ DIFFICULTIES IN ACHIEVING MATCHED HI1GH CURRENT DENSITIES
© DEMONSTRATED EFFICIENCY ~2% vs. POTENTIAL EFFICIENCY ~24%
¢ LEVERAGED RADIATION DAMAGE IS A POTENTIAL CONCERN

Fig. 5. Current status of multibandgap solar cells.

Fig. 6.
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Fig. T. Schematic of a GaAs peeled film solar cell fabrication process.

FEASIBILITY OF PRODUCING A PEELED FILM GaAs SOLAR CELL
DEMONSTRATED

GLASS BONDING OF PEELED FILM STRUCTURES UNDER DEVELOPMENT

REUSABILITY OF GaAs SUBSTRATE CONFIRMED

PERFORMANCE OF PEELED FILM DEVICE NOT MEASURED

Fig. 8. Current status of peeled film solar
cells.
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Fig. 9. Schematic structure of high efficiency GaAs solar cell
grown by MO-CVD.
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Fig. 10.

GaAs efficiency improvement studies.
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GaAs WORKSHOP REPORT

G. S. Kamath
Hughes Research Laboratories

The following report was the result of the workshop on GaAs solar cells
held at NASA Lewis October 17, 1980, at the end of the Fourth High
Efficiency and Radiation Damage Solar Cell Meeting. The members of the
workshop were

Peter Borden Varian

Dennis Flood NASA Lewis

Sanyiv Kamath Hughes Research Labs (Chairman)
John Lear Martin Marietta

Ken Masloski AFAPL

K. L. Wang JPL

Gil Walker NASA Langly

It was a productive workshop with active participation from all the
members, and the following is a brief summary of the major conclusions
reached about the status and future directions of work on GaAs solar cells.

The group felt very strongly that the advantages offered by the GaAs
cells have been demonstrated in laboratory experiments and that it was time
to fly the cells. The important next steps are to convey the information to
the wider technical community, especially to the project offices that
control the space satellite programs in the Air Force, Navy, NASA, and ESA.
The group felt that a pilot 1ine production of the cells to make the cells
available to the missions in the near future could best be based on the
present LPE technology and that this should be done as expeditiously as
possible.

The findings of the workshop were divided into six main categories.

I. GaAs: Advantages and Disadvantages
II1. The Substrate Problem
III. Cell Fabrication
IV. Future Trends
V. Cost
VI. Conclusions

I. GaAs: Advantages and Disadvantages
Advantages

1. 20 Percent higher n than silicon (BOL).

2. High temperature capabﬂity.1

3. High resistance to radiation damage vis-a-vis silicon. (We
note that the 4-1/2 year old GaAs cell with deep
junction flying in the NTS II package compares with the
best silicon cell on the NTS II.)

INote that by improving the solder and the glue for cover glass, GaAs
solar cells can be made suitable for operation at 500 C or higher.
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4, The possibility of continuous annealing of GaAs cells looks
very exciting and real. »

Items 2, 3 and 4 above combine to produce EOL n close to beginning of
life, increasing the advantage over silicon for all space missions. Special
advantage for missions such as near sun or high radiation environment are
specially noteworthy.

5. Thin film capability because of the short (<5 um)
absorption length for solar radiation and the short
minority carrier diffusion length (~10 uym). John Fan (Lincoln Labs) has
demonstrated that a "peeled film" with less than 10 um thickness is capable
of yielding 18 percent AMO efficiency. This compares with the 15 percent
AMO, 50-pm cell in Si. ,

Disadvantages

1. Weight: The thinner cells eliminate this problem.
However, the technology for thin cells still needs to be
perfected. If the project office realizes the eventual
advantages, the cost of development can be demonstrated
to be fully justified by the reduction of system cost.
The reduction in cover glass weight and packaging may be
an additional possible advantage for GaAs.

2. Cost of material: GaAs now costs about $3/cm? more than
does silicon. However, since the solar cell is an area
(and therefore volume) intensive device, the increase in
volume of cell demand will bring down the cost of
material (see LED cost history, for examplie). In the
long term we feel the GaAs cells will only cost
<$l/cm? extra for practical space cells. This is not
an important consideration for any practical space
system during the next 10 years or more. Furthermore,
the cell cost may be more than offset by gain in
efficiency (especially EOL) that the GaAs cells offer.

3. Mechanical reliability, especially in flight testing,
needs to be established. This would be true for any new
technology. Continuous annealing, which seems possible
to minimize radiation damage, may lead to the
elimination of the cover glass and thus reduce cell
package weight even further.

I11. The Substrate Problem

The committee considered the substrate problem. The present solution
of growing a buffer layer to permit the use of the commercial GaAs available
is admittedly costly. However, since the development of new techniques,
such as solution regrowth (IBM), efficient epitaxial batch processing
techniques (LPE, MOCVD) are reducing the additional fabrication cost. We
feel strongly that radical improvements in the quality of substrates should
not be financed by solar cell development, especially in view of the severe
shortage of research funds 1in this area.

Additionally, the committee felt that other device requirements,
especially in the microwave area, should be used as the prime driver for

122



substrate development in GaAs. This is especially true since the present
thinking is that substrates such as Si can possibly be used as substrates
for the GaAs solar cell. When we consider further that new technology, such
as the Varian cells developed for DOE and the Lincoln Lab thin film cells
(John Fan) made by the peeled film technology, are all aimed at elminating
the extensive use of substrates altogether, we have to question the wisdom
of using our limited research funds to finance GaAs bulk growth

development. This argument gains further weight when we consider that the
capability for diagnostics in GaAs to determine the degree of improvement is
itself extremely limited.

The argument for improvement in silicon technology is more convincing
since silicon needs to be at least 2 mils thick, and the development rides
piggyback on the considerable existing technology. We discussed the
Westinghouse ribbon growth in GaAs. While this is an attractive
alternative, the cheap cell argument is so much stronger for the terrestrial
applications; we felt they should be induced to at least share as the prime
driver in this new development.

II1. Cell Fabrication
The major conclusions were

1. LPE cells exist and should be flown as rapidly as possible
to increase acceptance of the cell.

2. OMCVD is an attractive technique among all CVD techniques
and should be considered the heat alternative to LPE.
Long term advantages for both GaAs as well as for
multijunction cells is an important consideration.

3. Ion implantation, laser annealing, and other processing
tools should be used only when their development is
sufficiently extensive on the basis of other needs.

4. MBE needs development that cannot be financed by solar
cells alone. Piggyback effort may be justified if funds

, warrant it.

5. The n-on-p vs p-on-n question needs to be answered for the
cell structure to see if there is any clear advantage
for either. The topics to be considered are efficiency
and radiation damage. The high temperature contacts may
make homojunction cells impossible due to the shallow
n layer. Questions: 1Is the n-on-p ceil going to
suffer in the blue response? Can you effectively
contact it with suitable metals without the anodic oxide
as a protection?

IV. Future Trends
Efficiency improvement
Goal: 20 Percent AMO feasibility in 1981.

Increase reproducible cell efficiency on pilot Tine to
18 percent AMO by 1982.
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Develop packaging (contacts, glass cover adhesive) to
permit cell use at 400 C.

With some typical missions in mind, develop panels that
will deliver EOL efficiency close to BOL. Can a
concentrator system be used to increased advantage for
GaAs?

Persuade JPL to include in the next handbook on radiation
damage an expanded chapter on GaAs.

- Evaluate MOCVD. '

« Evaluate thin cell capability for GaAs (2 mils and less);
Peeled film, graphoepitaxy to be considered. The
possibility of thin cells is not in question since the
photocathodes developed by Varian have demonstrated the
feasibility of using 10-um material. Lincoln Lab's
peeled film cell also proves the point very
effectively. 1In the short run, is the polishing
technique used by Varian effectivey It should at least
be tried. Again, the terrestrial program on solar cells
could be a partner in the development of a thin film
cell.

Ribbon growth. Evaluate economics of development
(discussed previously in the substrates section).

V. Cost

The cost of the cell should be carefully evaluated with the cost of
technology development, cell qualifications, and the cell production volumes
in mind. The choice of specific missions as targets will greatly facilitate
this exercise. Progressive cost reduction with increasing volume is
possible on this approach. The various project officers could greatly
facilitate the development by close coordination of the varying needs.

NASA, DOD, and ESA are suggested as the prime agencies that could help
identify realistic needs for the missions in 1983 and beyond.

VI. Conclusions

GaAs technology has arrived and has-significant contributions to space
power during the next decade. We have the prime responsibility as the
technical community to make the relevant information available to the
various mission project offices. Identify special areas such as near Sun
missions, high radiation belts, orbit raising missions, concentrator cells,
etc., where the special advantages offered by GaAs give it a definite edge
to offset higher present cost. We feel that this procedure will resuit in
the systematic development of the GaAs cell at a minimum of total cost with
substantial benefit to the total space power program in the 1980s.
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RESULTS OF THE AIR FORCE HIGH EFFICIENCY CASCADED
MULTIPLE BANDGAP SOLAR CELL PROGRAMS

W. P. Rahilly
AT Wright Aeronautical Laboratories
Wright-Patterson AFB, Ohio

SUMMARY

The ITI-V semiconductor materials system that was selected for continued
cascade cell development in Phase IT by both contractors was the AlGaAs cell-
on-GaAs cell structure (ref. 1). The progress made by the contractors since
October 1979 has been considerable. However, the tunnel junction used as trans-
parent ohmic contact between the top cell and the bottom cell continues to be
the central difficulty in achieving the program objective of 25% AMO efficiency
at 25°C. During the tunnel junction and top cell developments within the last
year, it became apparent that.the AlGaAs cell has potentlal for independent
development as a single junction converter and is a logical exhension of the
present GaAs heteroface technology.

TINTRODUCTTION

Alr Force space missions will require power systems in the two to ten kilo-
watt range during the 1980's with expansion to two hundred kilowatts by the year
2000. Super-imposed on these power systems will be requirements for survival
to various hostile enviromments as well as the normal space environment. Cas-
cade cell development is critical to both near term and far term earth orbit
missions. The main parameters that will drive the cascade cell development are
watts/kilogram and cost/watt, both at mission end-of-life. TFactors that strong-
1y influence these parameters are cell conversion efficiency, cell weight
(along with array blanket weight) and high cell yield in mass production. Air
Force sponsorship of research development in these areas will receive very high
priority. ‘

This paper presents results of the cascade cell developments suppbrted by

the Air Force and discusses approaches to achieve high power-to-weight and low
cost-to-power ratios.

ATR FORCE CASCADE CFLL DEVELOPMENT - PRESENT STATUS

The objective of the Air Force cascaded cell research and development is
to fabricate and demonstrate solar cells with greater than 25% AMO conversion
efficlency at one-sun and at 25°C., Baged on results of research conducted in
Phase I, it became clear that a near term payoff could be made if the AlGaAs
cell-on-GaAs cell structure was pursued in Phase II. This system is not the
optimum one but certainly has potential for reaching the stated objective with
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reduced difficulties in fabrication. The most significant advantages for this
material selection are (a) lattice matching between AlGaAs and GalAs is essen-
tially ideal, (b) the use of a single AR coating, such as TapOs5, is expected to
be consistent with high conversion efficiency, (c) the contact metallization
system for the top cell (and window) is fairly well developed and (d) the tech~
nology used to fabricate this structure can be extended to a three ecell stack
for further efficiency gains. This latter advantage, however, would require
considerable trickery or cleverness since there are a limited number of lattice
matched systems available (Ge or a GaAs on Ge or Si cell). However, a develop-
ment of the understanding and the use of "super lattices" can relieve lattice
matching problems and thus provide for a wide range of materials for a botton
cell of a three cell stack.

Both liquid phase epitaxy (LEP) and chemical vapor deposition by breakdown
of metal-organic compounds (MO-CVD) are being investigated. The LPE efforts
are being accomplished at Research Triangle Institute and the MO-CVD work is
ongoing at Rockwell International.

RESEARCH TRIANGLE INSTITUTE

The difficulties encountered in the development of the four original semi-
conductor materials systems (GaInP on GaInAs, AlGaAs on GaInAs, AlGaAsSb on
GalnAs and AlGaAsSb on GaAsSb) led to the decision to explore a special case of
the second system wherein no indium is in the bottom cell. RTI has success-
fully demonstrated complete cascade structure with conversion efficiencies of
greater than 15% AMO without an AR coating. Problems do remain with device
area uniformity and control of the P dopant (Be) in the tunnel junction. RTI
is now modelling the structure to determine the optimum aluminum composition in
relation to the AMO spectrum, AR coating(s) and minority carrier diffusion
lengths that are considered realistic based on available data. The modelling
data will be used to guide the cell development to achieve the program objec-—
tive (ref. 2). Since details of the AlGaAs on GaAs system development by RTI
are presented elsewhere in this conference, the reader is referred to that
paper (ref. 3). ’

ROCKWELL INTFRNATTONAL (RI)

The four systems pursued by RI in Phase I were based on the AlGaAs/GaAs
system with emphasis on MO-CVD material growth. These systems are discussed in
some detail in reference (1). Many problems were encountered with these
systems in Phase I and it was decided to pursue the AlGals cell on GalAs struc-
ture using MO-CVD with some effort directed at molecular beam epitaxy (MBE).
The most serious problem encountered (and still remains) is control of the P
dopant in the very highly doped tunnel junction during subsequent AlGaAs top
cell growth. Since there is no available Be-organic compound suitable for CVD
growth, RI chose to grow tunnel junction using MBE grown layers comprised of
GaAs N+:Sn on GaAs P+Be (see Figure 1). If the GalAs tunnel layers can be made
very thin, absorption of photons usable in the bottom cell will be negligible.
Another advantage is that the transfer of the structure from the MBE apparatus
to the MO-CVD system does not present severe oxygen related problems as would
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be encountered if the tunnel were grown with AlGaAs in the MBE reactor. The
bottom GaAs cell has posed no problems; in fact, the MO-~-CVD grown GaAs bottom
cell has been measured by RI to be nominally 20% efficient AMO.

The current status of the RI effort can be summarized as follows: The
AlGaAs top cell suffers severe losses from interface states for MO-CVD growths,
however, the MO-CVD method has considerable promise in low temperature, low
pressure growths and if a Be-organic can be synthesized (attempts will be made
by RI), then complete cascade cell growth in one reactor system is feasible.
The tunnel junctions (GaAs material) have been demonstrated to be reliably
grown and grown very thin (*2008). Growth of quality AlGaAs top cell material
on the MBE tunnel remains to be accomplished. The GaAs MO-CVD cells are viewed
as no development problem. As for a completed stacked structure, the optimum
configuration (at least forGaAs MBE tunnels) has been defined and voltage addi-
tion has been consistent andirepetitively demonstrated. However, because mis-—
mataohes of generated current in the top and bottom cells, reasonably efficient
cascade structures have yet to be demonstrated.

SPIN-OFF TECENOLOGY

As a result of the AlGaAs top cell development, it was recognized that a
single Junction in the AlGaAs material can be supeiior to the present GaAs
heteroface structure. The advantages of this approach are: (a) it is possible
to select the proper Al composition in order to achieve better bandgap matching
to the AMO spectrum, (b) if minority carrier lifetimes can be adequately con-
trolled, then a diode factor of near unity at the maximum power point is
feasible, {c) placement of the AlGaAs-GaAs heteroface will be moved far away
from the P/N junction resulting in improved voltage performance over that
expected with increased bandgap but nearness to interface recombination, (d)
simplified AR coatings are possible, (e) well developed electrical contacting
can be employed, and (f) the cell concept can be pursued with relative ease
using existing AlGaAs LPE and MO-CVD growth technologies. The Air Force is
planning development of this cell type as a logical extension of the GaAs heter-
oface cell. With proper support, this sturcture could be introduced into
manufacturing technology development and brought into inventory. in the very
near term (three to four years).

CONCLUDING REMARKS

RTI has been fairly successful with the LPE growth AlGaAs on GaAs struc-~
ture. However, the device area has been limited by the ILPE reactor design and
large ares LPE growth of cascade cells remain to be demonstrated. RI has
encountered difficulty in fabricating a complete cascade structure of reasonable
conversion efficiency (at least as good as silicon cells). But in the long
term, MO~CVD growth of the complete structure by employing low temperature and
low pressure or with a Be-organic (to resolve the P dopant problem) is very
attractive from the points of view of mass production and large area. The Air
Force is planning to continue emphasis on the AlGaAs on GaAs structure for use
in the late 1980's. Both LPE and MO-CVD will be considered as likely mass
production candidates until one approach shows clear superiority over the other
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in terms of yield and cost. Plans for three cell stacks have been defined for
the 1980's and independent development of the three cell system will be pursued.

The AlGaAs homojunction cell will be pursued for the near term with the
intention of using it by the mid 1980's. Also, independent research to develop
the so called galicon substrate will be conducted. Reasonable results have
already been achieved under joint Air Force and NASA sponsorship at the Jet
Propulsion Laboratory (JPL) (ref. k).
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INCORPORATION OF SUPERLATTICE CRYSTAL LAYERS
IN MULTIJUNCTION SOLAR CELLS

A. E. Blacksiee and K. W. Mitchell
Solar Energy Research Institute
Golden, Colorado

SUMMARY

This paper proposes the application of superlattice growth techniques in

the fabrication of high efficiency multijunction solar cells in order to im-
prove their crystalline perfection and hence enhance their output. Previous
research has shown that superlattice layers are effective in decreasing the
density of dislocations in lattice mismatched heterostructures at least four
orders of magnitude. Hence it is proposed to utilize this feature of super-
lattices to alleviate the problems due to misfit dislocations generated in
the regions between two or more photovoltaic collecting junctions.

A further advantage is that the possibility is presented for using silicon
as a low cost substrate as well as for the low band gap junction. In the
test case proposed here, a silicon low gap cell will be connected to a
GaAs 7P 3 high gap cell through a connecting region containing a GaAs/GaP
superlattice.

INTRODUCTION

This paper proposes the application of superlattice* growth techniques
for the fabrication of low cost substrates for high efficiency solar cells.
Recent research has demonstrated the feasibility of achieving high photovoltaic
conversion efficiencies (potentially above 35%) using multiple junctions in

*A superlattice, as the term has come to be used in solid state electronics,
is a thin (~lum) semiconductor structure comprised of many ultrathin layers
(~100 A each) of two different semiconductors alternating with one another.

A schematic diagram of a superlattice composed of two hypothetical semi-
conductors A and B is shown in Fig. 1. This structure exhibits properties
which tend to be intermediate between those of the two constituent materials
but may be somewhat different from either one. It offers the possibility of
creating semiconductors with made-to-order properties such as the band gap or
optical absorption coefficient. It was first proposed by Esaki and Tsu (1) in
1970 as a quantum mechanical curiosity which might some day give rise to de-
vices with extremely high frequency response. Several other device proposals
based on the superlattice concept have followed. Although most superlattice
growth to date has been done by the MBE process, the technical feasibility of
growing superlattices by a CVD process was demonstrated in 1969 by Blakeslee
(2) and improved recently, using MO-CVD, by Dupuis and Dapkus (3).
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optimum band gap materials (4,5). 1In addition, multijunction converters are
excellent candidates for hybrid photovoltaic/thermal systems. A hybrid con-
verter of this type could have an electrical conversion efficiency of 25%
while providing a thermal energy output in the range of 150°C to 250°C (6).

The GaAs substrate, which is used in structures currently being developed,
is a drawback to widespread implementation of these high efficiency converters
due to its high cost and extensive consumption of gallium resources. In
addition, dislocations due to lattice mismatch between the various composi~
tional layers involved in these structures degrade the quality of the elec-
trically active regions of the cells. 1If a low cost substrate such as silicon
could be substituted for the GaAs, a major breakthrough would result not only
for ITII-V based solar cells, but for TIII-V device technology in general.. The
application of superlattice growth techniques, which have already shown great
promise in coupling non-lattice matched layers, is proposed for utilizing low
cost substrates in high efficiency solar cell structures. The proposed
approach would alleviate the problem of device degradation due to dislocation
propagation into the active regions of the cell. Furthermore, it would
demonstrate the possibility of using silicon as both the low cost substrate
and the low band gap cell of a two-junction high efficiency photovoltaic
converter.

THE CONCEPT

Presently, only the III-V materials technology has been advanced
sufficiently to address the materials requirements for growth of monolithic
cascade cells, but the GaAs substrates which have been used thus far for the

_development of cascade devices are very expensive. 8ilicon substrates are a
factor of twenty or so less expensive than GaAs, but, unfortunately, silicon
does not have the proper lattice constant to be lattice-matched to the other
candidate cells.

We propose to use superlattice structures in the fabrication of high
efficiency tandem solar cells, not for the active photoelectric conversion
layers but rather as a means of alleviating one of the most difficult problems
facing the construction of monolithic tandem cells, namely that of lattice
mismatch. The mismatch occurs because the two cells of the tandem, a high
band gap cell and a low band gap cell, will in general be created out of two
semiconductor materials having different lattice parameters. Figure 2
indicates the lattice constant values and band gaps of a number of candidate
semiconductors for multijunction converters. The crosshatched regions re-
present the optimal range of band gaps for the top and bottom junctions of
two-junction cascade cells., Presently only Ge and GaAs are considered as
viable substrates for the cascade cells. Unfortunately, the band gap of Ge
is too low to be optimal for the low band gap junction. Although Si has the
proper band gap for the low band gap cell, it does not have the proper lattice
constant to match the high band gap cell. Typically, a transitional, i.e.,
compositionally—-graded, layer or series of layers is grown between the two cell
regions in order to reduce the density of dislocations that inevitably arise to
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relieve the misfit stress. At best these grading techniques, be they
continuous or by steps, are only partially successful, and a large number of
dislocations remains. They propagate through the active solar cell layers and
cause recombination losses and, when present in extreme densities, can severly
disrupt the crystal growth process. This is a very serious problem and one
that is not generally sufficiently appreciated. It has been a major problem
in achieving the necessary device quality layers in the present cascade cell
structures.

However, a way around this problem does exist. Matthews and Blakeslee
(7) have demonstrated that growth of a superlattice layer after the graded
layer serves to confine all the dislocation lines in planesnormal to the growth
direction so that thgy do not propagate into the active solar cell region.
They were 2ble to reduce the dislocation density in a GaAs/GaAs. _P super-
lattice from 108 per cm2 to almost zero. The details as to why and how this
dislocation elimination can be effected are quite subtle; they are fully
set out in the basic patent for the process granted to Blakeslee and Matthews

8.

A method has been suggested for constructing solar cells on silicon
substrates (9). It consists of connecting the Si substrate with a deposited
Ge layer through a graded alloy layer of Gel_xSiX, followed by growth of GaAs
on the Ge, to which it is lattice-matched. “A"better approach is to use the
silicon as both the substrate and the low band gap junction. This reduces
the complexity of the cascade structure substantially, with the benefit of
better yields in a production line. The grading layer and superlattice layer
in this case would couple the high band gap junction to the junction formed
in the silicon.

IMPLEMENTATION OF THE CONCEPT

There are several tandem cell concepts which could benefit from the
incorporation of a superlattice to alleviate the lattice mismatch problem.
One in particular seems especially attractive as a test vehicle because it
not only offers a good chance of relatively rapid reduction to practice with
the least difficulty, but, if successful, could have a large impact on the
problem of cost and availability of substrates for high efficiency solar cells.

The project selected is to link, by using a superlattice, a Si wafer,
which serves as both substrate and low band gap cell, and a GaAs-based high
band gap cell. The structure will be grown by the method of metal-organic
chemical vapor deposition (MOCVD) which was shown to be useful for growth of
high efficiency GaAs/GaAlAs solar cell structures by Dupuis et al. (10) in
1977. It has also been used to make double heterostructure lasers (11), FETs
(12) and superlattice-like structures known as Bragg reflectors (3). Its
principal advantage over other techniques such as liquid phase epitaxy is the
ability to grow very thin (tens of angstroms), uniform layers of controllable
composition.
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~ It is necessary to go from Si with a band gap of 1.11 eV and a lattice
constant of 5.43 to some ternary alloy of GaAs with a band gap ideally
around 1.8 eV while undergoing as small a change in lattice parameter as
possible. 1In view of the latter requirement, the GaP system is the best
choice for forming a ternary with GaAs, since the lattice parameter difference
between Si and GaP is only 0.37% and acceptable heteroepitaxy of GaP on Si
by MOCVD has already been demonstrated (13). Thus, the major steps of the
process would be the following:

(1) Start with a Si substrate and make a p-n junction by diffusion or by
homoepitaxy.

(2) Grow a thin layer of GaP on the Si from a vapor containing Ga(CH3)3 and
PH, . .
3
(3) Grow the graded layer by decreasing the PH, content of the reactant vapor
and replacing it with AsH,. Continue this process until the top of the
graded layer has approximately the composition GaAs 7P 35 with a band-
gap of 1.80 eV. This grading should be accomplished within 10um or less.

(4) Remove the threading dislocations by inserting a- thin asymmetric GaAs/GaP
superlattice region containing 10 or so oscillations. 1In order to lattice
match the superlattice to the underlayer with composition GaAs _P _, the
thickness of the respective constituent layers GaAs and GaP should be in
the ratio of 7 to 3.

(5) Grow a 2-3um layer of essentially dislocation-free GaAs _P , atop the
superlattice and fabricate a junction therein by epitaxy or diffusion.

In carrying out the above procedure, two of the operations are particular—
ly critical. One is the need for very precise control of the composition of
the graded layer and of the top cell layer. This can be effected mainly by
careful control of the input flow of reactant gases but might eventually
incorporate in situ optical measurement of the solid composition. The other
critical point is the ability to switch back and forth rapidly and reproduc-
ibly from GaAs to GaP in creating the superlattice. Both of these points
can be accommodated within the scope of present technology by making mod-
ifications to present MOCVD systems. Other points requiring careful.con-
sideration are meticulous substrate surface treatment in order to assure
good initial epitaxy of GaP on Si and careful experimentation to determine
the absolute minimum thickness for each layer, since it is very important to
eliminate as much of the expensive Ga-containing material as possible.
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AlGaAs-GaAs CASCADE SOLAR CELL*

M. F. Lamorte and D. H. Abbott
Research Triangle Institute
Research Triangle Park, North Carolina

ABSTRACT

Computer modeling studies are reported for a monolithic, two-junction, cas-
cade solar cell using the AlGaAs-GaAs materials combination. An optimum design’
is obtained through a serial optimization procedure by which conversion effi-
ciency is maximized for operation at 300 X, AM 0, and unity solar concentration.
Under these conditions the upper limit on efficiency is shown to be in excess of
29%, provided surface recombination velocity does not exceed 10%cm sec” .

INTRODUCTION

Computer modeling shows that conversion efficiency exceeding 307 may be
realized from a two-junction cascade solar cell at 300 K and AM 0 [ref. 1-5].
These investigations show that the bandgap of the wide (top) and narrow (bottom)
bandgap cells more strongly influence the efficiency than other design para-
meters. While steady progress has been made in the development of the tech-
nology required to obtain high efficiency, the technological problems encounter—
ed in this endeavor has generally limited the efficiency to 15% or less [ref.
6,7]. The major problem is the difficulty of fabricating a structure with an
optimum bandgap combination because of lattice mismatch [ref. 4]. Related prob-
lems spring from the adverse effects arising from short diffusion length, con-
trol of layer thickness, space charge recombination current, p-n junction leak-
age current, and fabrication of a large area, low voltage drop tunnel junctionm.

The optimum bandgap combinations range from 1.62 eV/0.95 eV [ref. 1-4] to
1.84 eV/1.23 eV [ref, 5] where the efficiency is maximized at 300 K at AM O and
475 K at AM 1, respectively, using the AlGaAs-GalnAs materials combination.
While the lattice mismatch is reduced with increasing bandgap values in this
material system, cascade cells have not been fabricated with high efficiency
using these bandgap combinations because of poor crystalline quality due to
large lattice mismatch. However, one encouraging factor is that the upper
limit efficiency for the 1.84 eV/1.23 eV [ref. 5] set at AM'1 is approximately
30% which is only slightly lower than the 31.5% obtained for the optimum combi-
nation 1.62 eV/0.95 eV [ref. 1-4] at 300 K and AM 0. If further compromise is
made with respect to efficiency, a range of bandgap values may exist which are
higher than the 1.84 eV/1.23 eV combination that give 25% or higher efficiency
values for optimized designs [ref. 4]. The attractiveness of these considera-

*This work was supported by the Air Force Aeronautical Laboratory, Wright-
Patterson Air Force Base, Dayton, OH, Contract No. F33615-78-C-2077.
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tions is that further increases in bandgap continues to decrease the lattice
mismatch, where at the extreme the AlGaAs-GaAs materials combination shows a
very small lattice mismatch over its entire compositional range [ref. 4]. Al-
though the electronic and optical properties of AlGaAs have not been studied as
extensively as for GaAs, there is a sufficient body of experimental data to
suggest that the properties of AlGaAs are favorable for the fabrication of cas-
cade cells [ref. 8,9].

The major obstacle to the fabrication of high efficiency cells using the
AlGaAs materials system is that its bandgap span does mnot encompass the optimum
bandgap combinations which give efficiency values of 30% or greater [ref. 4].
Initial studies indicated that a non-optimized design may give cascade effi-
ciency values less than 15% [ref. 4]. The efficiency which may be attainable
for an optimized design has not been studied. Other problems such as the fabri-
cation of a low voltage drop tunnel junction and low resistance ohmic contact to
AlGaAs appear to be solved or nearing solution [ref. 10,11}. On balance, the
seriousness with which this materials combination is to be comsidered in cascade
cell fabrication depends heavily on the device design requirements and the cor-
responding upper limit on efficiency. In this paper computer modeling results
are reported with presentation of an optimum design and its corresponding maxi-
mum efficiency for operation at 300 K, AM 0O, and unity solar concentration.

The computer modeling program is applied to the bandstructure shown in
figure 1 [ref. 1-5]}. Top and bottom cells are joined electrically through a
tunnel junction, and with the window layer form a momolithic structure. The
cascade photovoltage is the sum of the top and bottom photovoltages which are
of the same polarity. In this connection, it is essential that the tunnel junc-
tion should not absorb photons [ref. 1-5]. Should this occur, the photon flux
available to the bottom cell is reduced and the resultant photovoltage generated
in the tunnel junction subtracts from the sum of the top and bottom cell photo-
voltages. Also, this may produce a mismatch in the currents at the maximum
power- point of the individual V-I curves of top and bottom cells. All of these
effects serve to reduce cascade efficiency. '

The bottom cell is assigned the wvalue 1.44 eV, corresponding to the GaAs
bandgap, because it is the minimum value which is obtainable from the AlGaAs~
GaAs materials combination. Therefore, the optimum bandgaps of the top cell
and window layer are required to be obtained from the optimization procedure
[ref. 1-5]. Typically, setting the tunnel junction bandgap equal to the top
cell bandgap produces an optimum design, while minimizing the technological
difficulties. Also, the window ‘layer thickness typically used is 0.1 um, with
2 x 10'8cm 3 acceptor concentration, and a linear bandgap grading to establlsh
a 3000 V ecm ! built-in potential [ref. 1-5].

In the present fabrication process involving liquid phase epitaxy, the
acceptor concentration in the p-type regions of top and bottom cells is 1018¢em™3
and cannot easily be changed [ref. 12]}. Therefore, optimized acceptor concen-
trations are not determined for these regions. The tunnel junction donor con-
centration is set at 1019cm—3, acceptor concentration at 1020cm_3, and 0.1 um
thickness for the n- and p-regions. Optimized donor and acceptor concentra—
tions and layer thicknesses are determined for all other regions.
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The analytical method developed for cascade solar cells has been described
elsewhere and is not discussed in detail in this paper [ref. 1,2,4]. By formu-
lating the solution of the continuity equations in the framework of a boundary
value problem, the cascade cell V-I relationship may be obtained, in principle,
in closed form. However, in the simplest of cases solving for the current re-
quires the solution of 14 simultaneous equations, for which the inversion is
performed using a digital computer and the closed form equation is never expli-
citly obtained. :

The other assumptions used in the analysis are that the thermal diffusion
contribution to dark current is large compared to space-charge recombination
and excess tunnel current components; the minority-carrier recombination rate
is linearly proportional to excess carrier concentration [ref. 9,13]; recombi-
nation at heterojunction interfaces are negligible; efficiency is not corrected
for grid contact shadowing or for power loss from joule heating arising in the
structure's series resistance; and reflectivity at the window surface is 5%.

Device performance characteristics and parameters used in the study, for
the most part, are those which have become standard in the photovoltaic litera-
ture. However, in cascade solar cells a number of additional parameters are
needed to more completely characterize the device. They are usually defined in
the discussion. 1In our studies the normalized collection efficiency is used
exclusively, and is defined as the ratio of carriers collected by the p-n junc-
tion to the carriers generated through photon absorption in the region under
consideration.

In the optimization study reported here, the invariant operating conditions
imposed in all calculations are AM 0, unity solar concentration, and 106cm-s™ !
surface recombination velocity.

COMPUTER MODELING RESULTS

In this section the computer modeling results are presented and discussed.
Investigation is devoted to the determination of an optimized cascade cell de-
sign. Analysis of the device performance characteristics of this optimized
structure, shows that the surface recombination loss may be the major loss
factor in the AlGaAs-GaAs cascade cell.

Various optimization procedures may be used. The more desirable procedure
is to allow all parameters to simultaneously vary over a specific range of
values, which results in the determination of the optimum value for each para-
meter. Computer costs are usually prohibitive and this method is almost never
used. The other extreme is a serial optimization that is used in this study.
Computer costs in this case are typically low, but it usually requires greater
skill in establishing the range of values for each of the parameters to avoid
obtaining false optimum values [ref. 1,2,4]. 1In the serialization procedure
used here the optimum value of one parameter is obtained by allowing only that
parameter to vary over a judiciously selected range and determining the value
for which the efficiency is a maximum. The values of the other parameters are
held constant at values which are determined, by other considerations, to be in
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the neighborhood of their optimum values. The optimum value of the one para-
meter so determined is then imposed on the structure. A second parameter is
then allowed to vary and its optimum value determined and also imposed on the
structure. This procedure is repeated for each parameter in a selected sequence.
After having determined the optimum value for each parameter, the procedure is
repeated a second time for each parameter in the same sequence. Typically, the
same optimum values are obtained, while in some cases there are corrections for
one or more of the parameter values. 1If the corrections are significant, the
procedure is repeated for each of the parameters until the same optimum values
are obtained. 1In the serial optimization used here, the optimum values of the
parameters of the top cell are determined first, and then those of the bottom
cell. Thus, in this sequence the performance characteristics of the top cell
are unaffected when the bottom cell parameters are permitted to vary. However,
when the bottom cell parameters are permitted to vary the current mismatch
between top and bottom cells is affected.

Serial Optimization Results

The computer modeling results presented below are those obtained for the
second serialization. The optimum values obtained from the second serialization
are not significantly different from those obtained from the first set of opti-
mum values, therefore, a third serialization procedure is not necessary.

Figures 2(a) to 2(d) show the effects when the top cell bandgap is allowed
to vary in the range 1.88 eV to 1.98 eV, while all other parameters are held
constant as given in figure 1. Maximum efficiency is 27.6% which occurs at
1.94 eV in figure 1(a). This is considerably lower than the 31.5% value ob-
tained in the more favorable cascade cell using AlGaAs-GalnAs where the optimum
top cell bandgap is 1.62 eV.

A figure-of-merit which is useful in describing cascade cell operation is
the excess current of the top cell defined by

AJeXT = Jmp - Jm.p'I' (1)

and for the bottom cell by

AJexB = Jmp - JmpB ? 2)

where Jmp, J J represent the current densities at the maximum power point

mpT> “mpB
of the cascade V-1 curve, and of the independently operated V-I curves of top
and bottom cells, respectively. The excess current parameters, exhibited in
figure 2(b), are a measure of the power which is not delivered to the cascade
cell terminals and which, as a result, is dissipated intermally. 1In our studies,
the values of AJ and AJ are typically less than 0.1 mAcm 2 for an optimi-

. exT exB
zed design.
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Reduction of the excess current of the top and bottom cells results in
increasing the current, Jmp’ at the maximum power point on the cascade cell V-I
curve. This is shown in figure 2(c) where Jmp increases for increasing EGT
values above 1.88 eV, attains a pronounced maximum at 1.94 eV, and is reduced
for bandgap values above 1.94 eV. Thus, it is seen that the maximum value,
15.8 mAcm 2, occurs at the same EGT value as for maximum efficiency.

In figure 2(d) is shown the power utilization factor Pu vs E

T which is
defined by the relationship

G

P
P = mpc , (3)
u PmpT + PmpB
where P s P , and P are the power at the maximum power point of the cas-
mpe’ "~ mpT mpB

cade, top, and bottom cell V-I curves, respectively. The ratio in equation (3)
is typically less than 0.98, and contains only losses due to current mismatch,
and tunnel junction joule power loss. It is independent of optical, recombina-
tion, and dark current loss contributions. P _also increases to a sharp peak
at 1.94 eV and falls off quite rapidly on either side of its maximum.

Region 3 donor concentration is the second parameter selected in the
sequence of parameter optimization in the determination of an optimized design.
The range chosen for the concentration is 5 x 10%cm 3 to 8 x lOlecm_3, all
other parameters held constant using the values given in figure 1., Maximum
effici&ncy is shown to occur in figure 3(a) at 8 x 10'7cm 3. While the slope
is small for concentration values less than 8 x 1017cm_3, it is strongly nega-
tive for higher values. TFigure 3(b) describes the monotonic decrease of the
hole normalized colléction efficiency which results because of the monotonic
decrease of the hole diffusion length with increasing concentration. Both para-
meters decrease gradually with increasing concentration up to 3 x 10!8cm 3 and
for higher values they decrease sharply. Thus, the rapid decrease in conversion
efficiency above 3 x 1018cm 3 has its source in the rapid decrease in the hole
diffusion length. This occurs because the model contains the effects of the
rapid decrease in hole lifetime and mobility in Region 3 in the concentration
range above 3 x 1018cm 3,

The hole dark current coefficient is also strongly influenced by the donor
concentration as shown in figure 3(c). The hole dark current coefficient de-
creases inversely with donor concentration whereas the electron dark current co-
efficient is constant. The decrease is rapid up to 3 x 10'8em™ 3, becoming less
rapid for higher concentration values. The latter results because of an oppos-
ing trend in which the rapid decrease in hole diffusion length tends to increase
the hole contribution to dark current. Consequently the total dark current co-
efficient, the sum of the hole and electron components, decreases rapidly up to
a concentration of 8 x 10!7cm 3 where the electron and hole contributions
approach equality and then levels off as the invariant electron component comes
to dominate the sum. This saturation effect is reflected in the behavior of the
voltage at the maximum power point which is also shown. Thus it is seen that
the balancing of the dark current coefficient components determines the optimum
value of domor concentration. If the rapid decrease in collection efficiency
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had occurred at a concentration lower than 8 x 10'8cm 3 then the situation would
have been reversed. The breakpoint in collection efficiency slope rather than
the breakpoint in dark current coefficient slope would have determined the opti-
mum value of donor concentratiom. '

Maximum power available from the top cell, PmpT’ to the cascade unit, shown

in figure 3(d), increases gradually up to 8 x 10'7cm 3 and then shows a rapid
decrease for higher concentrations, which is attributed to the behavior of the
hole collection efficiency in this range. Also shown, the power utilization
ratio is constant up to 2 x 10'8cm 3 and then decreases for higher concentration
values. This decrease arises because the decrease in hole collection efficiency
produces an increasing current mismatch between top and bottom cells.

In determining the optimum thickness of Regions 2 and 3 a two-step proce-
dure is employed. The first step is to obtain the optimum value of the ratio
(Xz—Xl)/(X3—Xl)opt, denoted p-ratio, and the second to obtain the optimum value

of the ratio (X3—Xl)/X3—X1)opt, where (XB—-X:'L)opt is the optimum value of the sum

of the p-~ and n- region thicknesses. Subsequently, it is shown that the value
of (X3—Xl)opt = 1,46 um.

Maximum efficiency is 27.6% in figure 4(a), occurring at the value 0.3 for
the p-ratio. It is seen not to exhibit a strong dependency on the p-ratio in
the range 0.2 to 0.7. The maximum normalized electron collection efficiency is
0.81 and also occurs at 0.3, whereas for holes it ranges from 0.88 to 0.99.

The most striking feature of figure 4(b) is that the electron collection effi-
ciency in the top cell is significantly lower than it is for holes over the
range of p-ratios studied. This is a direct result of surface recombination
loss in the window layer, for which the surface recombination velocity (SRV) is
10%cm sec”!. It will be shown that the electron collection efficiency increases
significantly when SRV = 0. Moreover, the electron diffusion length in the
window layer is 0.6 um and in consideration of the window layer thickness being
0.1 pym, bulk recombination is negligible. Thus, we conclude that for SRV =
10%cm sec” ! the surface recombination loss may be the major loss factor in the
cascade cells studied.

It is instructive to compare the normalized collection efficiencies of this
study with that reported for the AlGaAs-GalnAs [ref. 4]. 1In the latter, the
collection efficiency exceeds 0.91 over the p-ratio range 0.1 to 0.9. The band-
gap at the window surface is 1.80 eV which is a direct transition alloy and
where the electron mobility is high. In figure 1 the window surface bandgap is
2.09 eV, which is an indirect transition alloy for which the mobility is signi-
ficantly lower than it is for 1.80 eV in the model used in these studies. 1In
both studies the window layer thickness is the same and the difference in photon
absorption cannot completely explain the lower electron collection efficiency in
Figures 4(b) and 5(b). Therefore, we conclude that the lower mobility in the
AlGaAs-GaAs cascade cell window layer is partially responsible for the low
“electron collection efficiency and lower conversion efficiency.
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Figure 4(c) shows the dependency of the electron and hole dark current co-
efficients on the p-ratio. The energy barriers located at X, and X, serve to
form a "Potential Well" solar cell of the top cell [ref. 1-57. EleCtrons are
confined in Region 2 and holes in Region 3, producing electron and hole accumu-
lation in their respective regions. This results in a further shift in the
quasi-Fermi levels in each region in a direction which reduces dark current.
Electron contribution to dark current increases as the p-region widens as shown
in figure 4(c). Similarly, the hole contribution to dark current increases as
the n-region widens (i.e., p-ratio decreases). The cascade photovoltage is a
maximum in the p-ratio range 0.3 to 0.6, decreasing sharply outside this range.

Maximum power of the top junction, PmpT’ available to the cascade cell is
22.75 mW/cm?, occurring at 0.4 as shown in figure 4(d). PmpT follows the

general behavior of the normalized electron collection efficiency. The electron

collection efficiency is the stronger influence on PmpT than the hole efficiency

because a substantially higher photoexcited carrier concentration is produced on
the p-side of the top junction than on the n-side.

The power utilization ratio is constant at 0.98 up to the p-ratio equal to
0.5 as is shown in figure 4(d). Decreasing at a slow rate for p-ratios greater
than 0.5, it does not exhibit a strong function of this ratio. This results
because the p-ratio, when normalized to the optimum value of X3—Xl, cannot

greatly affect the current mismatch between top and bottom cells.

Imposed on the curves calculated in figure 5 is the optimum p-ratio equal
to 0.3, where the ratio (X3—Xl)/l.46 is allowed to vary from 0.5 to 2.0. Maxi-

mum conversion efficiency is 27.6% in figure 5(a) and it occurs at 1.0 for the
ratio. Therefore, the optimum thickness of the p-region is 0.44 um while it

is 1.02 uym for the n-region, where the sum is 1.46 pym. Ratios less than 1.0
show the conversion efficiency curve to have a large positive slope, resulting
from decreases in the incomplete absorption loss in the top cell with increasing
total thickness. The slope is more gradual and negative for ratios greater than
1.0, which is a result of less effective carrier confinement as Regions 2 and 3
widen with increasing (X3—X1)/1.46. This gives increased dark current and

greater minority carrier recombination in the top cell.

The normalized collection efficiencies for electrons and holes are pre-
sented in figure 5(b). While the electron collection efficiency is relatively
constant, the hole collection efficiency is decreasing sharply at a relatively
constant rate over the ratio range 0.5 to 2.0. The behavior is obtained because
of the relative values of the electron and hole diffusion lengths and the cor-
responding optimum p~ and n-region thicknesses. The electron diffusion length
is 1.5 times longer than the hole diffusion length, but at the same time the
optimum p-region is less one-third the sum of the p- and n-region thicknesses.
Thus, with increasing values of (XB—Xl)/l.46, the ratio (Xz—Xl)/Ln is less than

unity, while the ratio (XB—XZ)/Lp exceeds unity in the range 1.5 to 2.0.
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Excess current for top and bottom cells are shown in figure 5(c), where the
affects of incomplete absorption loss decreases and recombination increases in
the top cell with increasing values of (X3—Xl)/1.46. In the range

(X3—Xl)/l.46 < 1 incomplete absorption loss is greater than the recombination
loss, but in the range (XB—Xl)/l.46 > 1 the opposite is true. Incomplete ab-
sorption serves to significantly increase AJexB’ while producing only small

changes in AJe

xT*
while AJe is nearly constant, in the range (XB—Xl)/l.46 > 1.

Similarly, recombination loss produces a change in AJexT’

xB

For reasons similar to those discussed above, in figure 5(d) the maximum
power of the top cell, PmpT’ and the power utilization ratio increase signifi-

cantly with decreasing incomplete absorption loss, but they are nearly constant
in the range where recombination loss dominates. Maximum power of the bottom
cell, PmpB’ decreases with increasing (X3—Xl)/l.46, because photon absorption

in the top cell increases which results in a smaller photon flux available to
the bottom cell. An asymptotic value is achieved when the top cell absorbs all
of the photons with energy equal to or greater than 1.94 eV.

Figure 6 shows some of the effects produced by changes in the donor im-
purity concentration of Region 7 in the range 1 x 1016em 3 to 3.2 x 10%8cm 3.
They correspond to the set of curves in figure 3, which show the effect on the
top cell parameters arising from changes in the donor concentration in Region 3.
There are striking similarities between the two sets of curves. The optimum
donor concentration is 7 x 107cm 3 for which the efficiency is 27.6% as shown
in figure 6(a). The slope of the efficiency curve is not as steep for higher
concentration values as. is shown in figure 3(a). This results because the
bottom cell makes a smaller contribution to the total cascade efficiency than
does the top cell. Therefore, any change arising from the bottom cell affects
the efficiency less than corresponding changes in the top cell. The top cell
contributes 607 and the bottom cell 407 of the cascade cell efficiency.

The normalized collection efficiency and lifetime of holes in the bottom
cell, shown in figure 6 (b), exhibit a behavior corresponding to those in
figure 3(b) and produce similar results in the maximum power of the bottom cell
as was produced in the top cell. Moreover, the power utilization ratio, maximum
-power point voltage of the bottom cell V-I curve, and the dark current compo-
nents shown in figures 6(c) and 6(d) all exhibit a similar relationship as those
shown in figure 3(c) and 3(d), respectively.

Corresponding ratios are defined for the bottom cell in the determination
of optimum layer thicknesses as were used in the top cell optimization. The
bottom cell p-ratio is defined by (X, -X_.)/3.25 and the total thickness ratio is
(X7—X5)/3.25, where it is shown subsequéntly that the optimum total thickness

of the bottom cell is 3.25 um.

Figures 7 and 8 exhibit the computer modeling results related to the bottom
cell, and correspond to figures 4 and 5, respectively, of the top cell. While
there are similarities between the corresponding curves in the figures, the
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differences are more significant in comprehending the device physics of cascade
cells.

Figure 7(a) shows maximum conversion efficiency to occur at a p-ratio of
0.4, whereas it occurs at 0.3 for the top cell. Comparing the curves in
figures 7(b) and 4(b) shows that the bottom cell normalized electron collection
efficiency appears to show greater sensitivity to the p-ratio of the bottom cell
than the corresponding curves of the top cell. This is attributed to the
absence of a loss in the bottom cell corresponding to the surface recombination
loss, higher recombination loss in the bottom cell, and a less effective
"Potential Well" in Region 7. These factors also give rise to the electron
normalized collection efficiency being higher than for holes in the bottom cell
which is exhibited in figure 7(b), whereas the opposite is true for the top cell
as is evident in figure 4(b).

The curves in figures 7(c) and 4(c) behave similarly with the exception
that the electron and hole dark current scale of the bottom cell is eight
decades higher. This is due to the higher dark current in the bottom cell
produced by its smaller bandgap value. The power utilization ratio and the
respective maximum power in figures 7(d) and 4(d) also show similar behavior,

Conversion efficiency is relatively constant over the range 0.6 to 1.7 of
the normalized total thickness as shown in figure 8(a), because the electron and
hole normalized collection efficiencies, presented in figure 8(b), are not
strong functions of the total thickness ratio in this range. In contrast, the
top cell hole collection efficiency, figure 4(b), shows a strong dependency on
the top cell total thickness ratio. This also results in a smaller change in

AJexT and AJEXB in figure 8(c) compared to the curves in figure 4(c). Similarly,
the changes occurring in Pu and PmpB in figure 8(d) are somewhat smaller than

they are in figure 4(d). The value of Pm is constant because changes in the

pT
bottom cell cannot affect the top cell V-I curve.

Surface Recombination Loss

Studying the device performance characteristics presented in the above dis-
cussion, it is concluded that surface recombination in the window layer produces
the biggest loss in the cascade cell model used above. Electron collection
efficiency of the top cell, given in Figures 4(b) and 5(b), is significantly
lower than either the hole collection efficiency of the top cell or the electron
collection efficiency of the bottom cell. Although the hole collection effi-
ciency of the bottom cell is less than 0.8, it makes a smaller contribution to
the overall efficiency than do the photoelectrons generated in the top cell,

To illustrate the significance of the surface recombination loss, figure 9
shows the conversion efficiency vs the top cell bandgap, with surface recombi-
nation velocity a parameter, Each curve in figure 9 exhibits a pronounced maxi-
mum, at which the optimum bandgap value is obtained. - The maximum efficiency
value of each curve and its corresponding optimum bandgap increase with
decreasing SRV. Decreasing SRV makes more photocurrent available to the top
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cell and this results in an increase in IAJele. GT? lAJexT]

and the current mismatch between top and bottom cells are reduced which produces
an increase in efficiency.

By increasing E

The structure used is that of the optimized design, including the window
layer. While the serial optimization procedure was not used to obtain the re-
sults given in figure 9, at each of the maximum efficiency points the excess
current and current mismatch between cells are characteristic of an optimized
design. :

Figure 9 shows that the efficiency may exceed 29% for SRV values less than
10%cm sec !. The rate of decrease of efficiency in the SRV range O to
10%cm sec ! is considerably less than the rate above 10°cm sec 1. These results
suggest that there may be merit in considering a substitute of the AlGaAs window

used in our model.

Alternative structures are deserving of consideration to affect a reduction
of the surface recombination loss. An obvious structure is to replace the
window layer with a wide bandgap transparent layer which results in an inter-
facial recombination velocity less than 10°cm sec.

The desirable window material characteristics are for lattice matching to
p—AlGaAs, the direct and indirect bandgap energies are to be sufficiently high
so that the photon absorption in the window layer is small compared to the
absorption im the tgg cell, and for the interfacial recombination velocity to be
less than 10%°cm sec !. 1In figure 1 this requires a material for which its band-
gap energy exceeds 2.3 eV which cannot be achieved using the AlGaAs ternary.

One candidate is ZnSe, which is under investigation for use in single junction
n/p GaAs solar cells [ref. 14]. The lattice mismatch with GaAs is 0.3% for

2.6 eV bandgap ZnSe. In this work, it is reported that electron-hole recombina-
tion is reduced near the interface using an n-ZnSe window [ref. 14]. It is not
clear from this work that interfacial recombination is also reduced using a
P-ZnSe window on p-AlGaAs.

7

SUMMARY AND CONCLUSIONS

Computer modeling studies of the AlGaAs-GaAs, two-junction, cascade solar
cell are reported suggesting that the upper limit on conversion efficiency is
approximately 27%. A study of the device performance characteristics obtained
shows that the surface recombination is responsible for the major loss in the
theoretical device design which evolves. This results because the bandgap
energy of the AlGaAs window layer is too small to serve as an effective window.
Values of surface recombination velocity less than 10°cm sec ! result in an
increase in the upper limit of efficiency to approximately 29%. For the AlGaAs-
GaAs cascade cell to be an attractive alternative to other material combina-
tions, it is recommended that effort be directed to reducing the surface recom-
bination loss. There are a number of approaches for reducing the surface loss,
however, it is not clear at this time which is the most promising or if the
problem is solvable.
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FABRICATION OF AlGaAs/GaAs CASCADE SOLAR CELL BY LPE

S. M. Bedair
Research Triangle Institute
Research Triangle Park, North Carolina

SUMMARY

Multi-junction, variable bandgap cascade solar cells offer the potential of
achieving significantly higher conversion efficiencies than single junction
cells and are therefore attractive candidates for future terrestrial and space
applications. This paper reports on the successful fabrication of high effi-
ciency cascade solar cells in the Al-Ga-As system.

INTRODUCTION

Stacking two or more photovoltaic junctions in electrical and optical
series results in higher conversion efficiency since each junction can be
tailored to respond more efficiently to a smaller range of photon energies. An
efficiency of about 307 has been predicted for a two junction cascade cell hav-
ing the optimum bandgap values (1,2).

A number of III-V materials systems are currently being considered for use
in fabricating cascade solar cells (3). The Al-Ga—-As system (4) is attractive
from a developmental standpoint since it employs a proven materials system that
is closely lattice matched throughout its compositional range. This system
(figure 1) employs a GaAs low bandgap cell and 1.9 eV-AlGaAs high bandgap cell
connected by an AlGaAs tunnel junction. Although this cell does not posses the
optimum bandgap values, an efficiency of 25% is predicted at 300°K under AMO,

1 sun illumination. :

Experimental and Results

The cascade cell shown in figure 1 is a seven-layer structure epitaxially
grown on a GaAs substrate (n=1018cm—3). It consists of two diffused GaAs and
Al 35Gag, gs5As junctions which are electrically connected by an Alg 35Gap gsAs
tunnel junction. Junction depths are in the 0.5 to 1 um range as determined by
SEM measurements. Table 1 shows the composition, doping concentration and .
thickness of each layer. Beryllium was chosen as the p -dopant for the window
layers of both junctions because of its low vapor pressure, necessary for the
multiwell LPE growth technique. Also higher doping concentrations can be more
easily achieved in high bandgap AlGaAs with Be. Doping characteristics and
electrical properties of Be-~doped AlGaAs have been reported elsewhere (5).
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Several problems are associated with using Be as an impurity. First, it is
a toxic material and several precautions have to be considered in its handling.
Second, because it is very reactive successful use of Be is limited to LPE
systems that are completely oxygen free. The third problem is its very high
distribution coefficient; thus very small amounts on the order of micrograms
are used in the LPE melts. ’

For Al _Ga, _As in the direct bandgap region (0 < x < 0.37) it is very hard
to achieve ﬁoplﬁg concentrations lower than the mid 1018 range when using Be.
However, for x > 0.5 doping concentrations in the high 10}7cm 3 and low 10'8cm 3
regions can be routinely achieved (5). Thus, as shown in Table I, the
Al Ga, As window layer, which is used as a source for Be diffusion into the
Gaks Juhction, was chosen such that x = 0.7. This then allowed the carrier con-
centration in the p-side of the GaAs junction to be limited to the high 1017¢m 3
range, thereby maintaining a good electron diffusion length.

Junctions formed by Be diffusion in Al_Ga, _As (0 < x < 0.37) grown on GaAs
substrates have been characterized by excelfen%_électrical properties as shown
in figure 2 for Alj 35Gap gsAs.' Open circuit voltages in the 1 to 1.3 V range
have been obtained both at AMO and AM2 at 1 sun. The best fill factors have
varied from 0.8 to 0.84. Short circuit current densities at-AMO have varied
from 8 to 13 mA/cm? (based on active device area) without an antireflection
coating. This cell had an AMO, 1 sun efficiency of =107Z without an antireflec-
tion coating. Figure 3 shows the quantum efficiency of an Alj 3Gap 7As cell
without an antireflection coating. A quantum efficiency up to about 0.7 indi-
cates excellent current collection for this high bandgap cell. These results
have been obtained by minimizing the window layer thickness and optimizing the
junction depth.

he AlGaAs tunnel junctions have been fabricated using Ge and Te as the p+
and n dopants, respectively (6). Both impurities have the low diffusion co-
efficients in GaAs and AlGaAs as required for abrupt tunnel junction formation.
Several difficulties have resulted from the use of Te in the tunnel junction.
Tellurium tends to form compounds (7) both with Ga and Al such as Al,Tes, GaTe,
etc. These compounds form precipitates that create and propagate lattice de-
fects in the top AlGaAs cell. Although the phase diagram of the Al-Ga-As-Te
quaternary alloy has not been studied, growth at temperatures above 900°C has
been found to eliminate the formation of these unwanted compounds. However,
this temperature is too high to obtain the necessary abrupt doping profile for
the tunnel junction. This difficulty was significantly reduced in the present
study by performing the growths at 800°C according to the following procedure
(8). Gallium and GaAs were first baked together at 900°C two hours and then
cooled to roo